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Beryllium is known to be an acceptor in GaAs. Controlled Be doping 
of GaAs by standard diffusion or growth processes is very difficult. Its 
small mass, however, makes it more suitable for ion implantation doping of 
GaAs and GaAs^ ^Px than Zn, which is the conventional acceptor. Implanted 
Zn diffuses rapidly during the anneal in these materials. Thus Zn implan­
tation serves as a predeposition rather than a method of controlled doping. 
Photoluminescence and electrical measurements on Be-implanted GaAs and 
GaAs.. P (x~0.38) presented in this work indicated excellent impurity1 "X X
activation and lattice reordering after room temperature implantation and 
suitable annealing.
Luminescence studies at 5°K indicate that the presence of Be 
introduce an emission peak at 1.493 eV in GaAs and at 1.955 eV in 
GaAsi xPx (x~0.38). Detailed studies of the temperature dependence of 
the peak emission energy and the intensity of emission show that this peak 
is due to recombination between the conduction band and neutral Be acceptors 
(BA). From these studies it is estimated that the ionization energy ,of Be 
is 28.4 meV in GaAs and 35 + 3 meV in GaAs, P (x~0.38). By monitoring1"X X
the intensity of the BA and band to band luminescence peaks, we have 
observed that annealing the implanted Be at 900°C with Si^N^ encapsulation 
provides consistently better results than annealing with SiO^ encapsulation
at the same temperature. Electrical measurements in GaAs show similar trends. 
However, in the case of GaAs^ 38), both SiC^ and Si^N^ encapsulations
during anneal result in similar electrical and optical activation of implanted 
Be.
Hall effect and resistivity measurements in implanted GaAs and GaAs^
(x~0.38) as a function of anneal temperature show that for Be doses of 
1 / 01C) ions/ctn or less at 250 keV, almost all the implanted Be becomes 
electrically active following an anneal at 900°C. Room temperature mobilities 
from such implanted and annealed layers compare favorably with those obtained 
from conventionally doped samples, indicating the high crystal quality obtain­
able after implantation.
Various techniques have been used to obtain the distribution of
implanted Be after the anneal. These studies indicate that there is little
indiffusion of the implanted Be during anneal. However, for Be doses of 
14 26 x 10 ions/cm or more at 250 keV some redistribution of the implanted Be 
is observed.
Red light emitting junctions (6610 £ at 300°K) fabricated by Be 
implantation in GaAs^ (x^ ~0,38) show excellent electrical characteristics 
and very low leakage. The effect of various acceptor profiles on the 
performance of such light emitting junctions is examined and it is shown 
that a retrograde profile results in diodes which have the highest efficiency 
and lowest spreading resistance.
Be is thus a useful acceptor for implantation doping of GaAs and 
GaAs^ ^P^xM). 38) for fabrication of devices requiring controlled profiles, 
good electrical activation, and efficient luminescence.
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42. SHALLOW ACCEPTORS IN GaAs AND GaAs- P1-x x
2.1. The Valence Band
Both GaAs and GaP crystallize in the zinc blende structure 
which has a slightly lower symmetry than the diamond lattice, The band 
structure of these compounds has been extensively studied [12-17]. Excellent 
reviews of the techniques for band structure calculations are also 
available a[18-20].
For our study of the acceptor behavior of Be, we shall be
interested in the structure of the valence band in GaAs and GaAs. P .1-x x
In Fig. 2.1, we show the basic structure of the valence band in these 
compounds. In the absence of spin-orbit coupling, the highest point of 
the uppermost valence band is at T and has a sixfold degenerate (including 
spin) P15 symmetry like atomic p-states. The spin-orbit interaction 
splits this band into a Fg (four-fold degenerate) band and a (two-fold 
degenerate) band which is separated from Fg by an energy For points
at k ^ 0, the symmetry is lower and the Tg band splits into a heavy hole 
band (V-^ ) and a light hole band (V2 ) * The band with symmetry at zone 
center is known as the split-off band (Vg). Strictly, lack of inversion 
symmetry of the zinc-blende crystals causes further splitting of the Fg 
band[18,20]. These splittings are very small and may be neglected for our 
purposes.
The energy surfaces of these bands are warped (non-spherical) and 
this warping has several effects on the hole transport. Dresselhaus et al*[21] 
have shown that the energy bands V^ and Vg of Fig* 2.1 may be represented as
5E
Fig. 2.1. Structural features of the valence band of 
III-V compounds.
6E(k) = - k2/2m (A k2 + [B2k4 + C2 (k\2 + k2k2 + k2k2)]2} , (2.1)v ' o — x y y z z x
where A, B, and C are valence band parameters. The upper sign corresponds
to i? 2 and the lower sign to This equation may be represented in
approximate forms which emphasize the deviations from a spherical band.[22].
E(k)  «  - ( ¿ ¿ ) ( A  + B - ) { 1  - r t ( k V  + k V  + k V ) | k 4 ] + . . . . }  ,
° (2.2)
where B' = (B2 + C 2/B')2 , (2.3)
and T = + C2/[2B'(A + B1)] . (2.4)
Again the upper sign refers to and lower V^.
The structure of the valence band of GaAs and GaP is very similar., 
The GaP spin-orbit splitting is somewhat smaller and the warping parameters 
are slightly different. In an "ordered crystal" of GaAs, P the Ga sub- 
lattice is intact, whereas As and P are randomly distributed. This randomness 
makes normal perturbation type band calculations invalid. A virtual crystal 
model has been employed to calculate the band structure of the mixed 
crystal [23,24], This predicts the presence of tail states in the forbidden 
gap due to the effect of randomness. These states have not been experimentally 
determined, but recent absorption studies [25] indicate that the energy band 
structure of the mixed crystals are well defined. A continuous variation is 
expected from the band structure of one component to that of the other as 
crystal composition is varied, in spite of the alloy (As,P) disorder.
1
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2.2, Acceptor States and Energies
The analysis of acceptor wave functions and energies is inherently 
more complex than for those of donor states in a semiconductor, because 
the valence bands are degenerate and warped and strong spin-orbit inter­
actions must be considered. A formal treatment for the impurity states 
originating from degenerate bands has been derived by Kittel and Mitchell 
and by Luttinger and Kohn [27] within the effective mass theory. The effective 
mass formulation for acceptor states leads to a set of coupled differential 
equations because of the degeneracy of the valence band, and the solutions 
involve elaborate computation. Acceptor states calculated on the basis 
of the effective mass theory are essentially hydrogenic. Although the 
binding potential at sufficient distance from the impurity center may be 
coulombic, the effects of the core of the impurity atom become important 
at short distances. This gives rise to what are known as central cell 
corrections. Lipari and Baldereschi [28] have presented calculations of the 
energy levels of the effective mass acceptors using a scheme where the 
total angular momentum of the hole (3/2) is coupled to the orbital momentum 
associated with the hydrogenic envelope functions. Their results indicate 
that while the effective mass approximation is satisfactory for the excited 
states of the acceptor, the ground state which is relatively highly localized 
suffers greater perturbations and exhibits a greater increase in binding 
energy due to central cell corrections. Theoretical treatments of these 
corrections have not been outstandingly successful. At present they are 
best determined by experiments such as direct far infra-red inter-bound-state 
photo excitation spectra as recently shown for GaAs by Kirkman and Stradling [29] .
8As a consequence of these core effects we expect different acceptors to 
have appreciably different ground state binding energies.
In this chapter we shall review the experimental study of various 
acceptor states in GaAs. In Chapter 4 we shall discuss further the central 
cell corrections described above and their effects on the radiative 
recombination involving an acceptor state.
2*3. Shallow Acceptors in GaAs and GaAs^^P^
Group lib elements (Be, Mg, Zn, Cd and Hg) substitutional on 
Ga sites, and Group IV elements (C, Si, Ge, and Sn) substitutional on As 
sites should theoretically provide acceptor centers. The effect of most 
of these impurities In GaAs has been studied to varying amounts of detail.
It is interesting to note that to our knowledge, Group Ila elements have 
not been shown to be acceptors in GaAs.
Traditionally, electrical transport measurements have been used 
to characterize impurity levels in the elemental semiconductors. Practical 
limitations and the difficulty of obtaining pure enough crystals for 
accurate measurement of transport properties have made it difficult to 
carry out such a study in rigorous detail for acceptors in GaAs.
It has been argued by Dean [30] that for wide bandgap semiconductors 
it is natural to turn to optical assessment techniques, particularly 
photo luminescence to complement information provided by electrical analysis. 
The effective mass of holes in GaAs is much larger than that of electrons.
The acceptor binding energies are therefore much larger than the donor 
binding energies, and the central cell shifts in the binding energy are 
sufficiently large to facilitate their recognition.
9Table 2.1 is a compilation of the acceptor binding energies of 
various elements in GaAs, on the basis of photoluminescence or electrical
measurements. These data have been assembled through a thorough literature 
survey and represent the latest available results.
Zinc is probably the most commonly used acceptor species in 
GaAs. The diffusion of Zn in GaAs is described by a complex interstitial- 
substitutional mechanism which has been reviewed in detail by Kendall [31].
Ion implanted Zn diffuses extremely rapidly in GaAs during the post 
implantation heat treatment [5]. Further, it has been shown that Zn diffuses 
laterally under an Si02 mask at rates as high as 20 times the diffusion 
rate into the crystal [32]. This is particularly undesirable if diffused 
junction devices of small lateral geometry are to be fabricated using Zn 
acceptors.
Very little has been reported about the behavior of various
acceptors in GaAs^^P^» Although Zn acceptors are commonly used in the
fabrication of junction devices, no electrical transport data is available
on Zn doped GaAs P . Binding energy for Zn acceptors in GaAs, P is about i-x X l-x X
30 meV for the direct composition range [33,34].
2.4 Be as an Acceptor in GaAs
Be was first reported to be a shallow acceptor in GaAs by Knight [7]. 
Yunovich et al„[6] first observed radiative recombination in GaAs p-n junctions 
by diffusing Be from a vacuum deposited film. The diffusion coefficient 
of Be in GaAs was estimated by Poltoratskii and Stuchebnikov [9] to be
10
Table 2.1. Simple Acceptors in GaAs
Impurity Optical Activation 
Energy (meV)
Ref. Electrical Activation 
Energy (meV)
Ref.
Be 28.4 * 10 22 + 10 *
Cd 34.7 10,37 21 42
Zn 30.7 10,38 30 41
Mg. 28.4 10 12 42
C 26 10,39 19 42
Si 34.5 10,39 26 42
Ge 40.4 10,39 35 40
XThis work
+Electrical activation energies are very difficult to measure accurately 
because of impurity banding effects due to lack of extremely pure 
material.
\
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7.3 x 10 6 exp(-j~) . They noticed that the presence of As overpressure 
significantly reduced the diffusion of Be in GaAs. Ilegems and O'Mara'[35] 
reported that Be diffusion in GaP is significantly concentration dependent 
and suggested a diffusion mechanism similar to that of Zn. All attempts
at diffusion of Be resulted in high Be concentration at the surface
,n19 “3.(X 10 cm
Until recently the only estimate available for the binding 
energy of Be in GaAs was from the rather sketchy photoluminescence data 
of KresseX and Hawrylo [28], Ashen et al. [10] have recently reported 
a Be activation energy of 28 meV in GaAs from photo luminescence measurements 
on liquid phase epitaxial (LPE) GaAs grown with Be. They have remarked 
that control of lightly Be-doped layers is extremely difficult because of 
the strong tendency of Be to form oxides or carbides. Their data is obtained 
from LPE layers in which Be was present as an inadvertant contaminant.
Hunsperger et al.[H] were the first to examine the possibility of 
implanting Be in GaAs. Their results indicated good electrical activation 
of implanted Be after proper anneal. Preliminary studies using junction 
depth measurements [11] indicated that the implanted Be did not diffuse
significantly during anneal. Preliminary results on Be incorporated in GaAs 
during molecular beam epitaxy [36] seems to exhibit very low diffusion
coefficients. This is in sharp contrast with the high Be diffusion coefficients 
quoted above.
In this work we have carried out an extensive study of the electro-
optical properties of Be acceptors implanted in GaAs and GaAs.. P (x~0.38).1-x x
12
To our knowledge this is the first study of Be acceptors in the GaAs P
1-x x
ternary systems, Data presented in the following chapters indicate that 
implanted Be does not diffuse significantly during anneal, and proper 
annealing of the implanted layer results in p-layers with excellent electrical 
activation and efficient luminescence properties.
13
3. IMPLANTATION AND ANNEALING PROCEDURES
3.1. Substrate Characteristics
The GaAs and GaAs., P substrates used for this work were grown 1-x x
by Monsanto Co* using standard vapor phase epitaxial (VPE) process.
The VPE GaAs was grown on a heavily n-doped substrate. The
epitaxial layers were not doped with any intentional impurities and the net
13 -3carrier concentration was measured to be 8 x 10 cm , using Schottky barrier 
differential capacitance measurements. Hall measurements performed on these 
samples indicated a net n-type transport. Photoluminescence spectra at 6°K 
obtained from the starting material are dominated by a single peak corre­
sponding to free exciton recombination. Most previous studies of implantation 
in GaAs have employed semi-insulating substrates in which deep level traps due 
to Cr doping provide compensation. The compensation level is critically 
dependent on the diffusion of the Cr atoms, and thus very inconsistent changes 
in electrical properties were observed when such substrates were annealed at 
high temperature. In order to avoid ambiguities due to these processes we
decided to use vapor phase epitaxial layers in this study. For a few
18 -3applications heavily doped (~ 2 x 10 cm , Te) GaAs was used. We shall 
point this out where necessary,
GaAs- P (x ~ 0,38) crystals used for this work are the standard 1-x x
material used for the manufacture of commercial red LED's, The donor
concentration for the wafers used for study of junction properties was about 
17 -32 x 10 cm , The wafers used for the study of annealing, photo luminescence
16 “3and transport properties had a lower n-doping (N^ ~ 4 x 10 cm )« These 
donor concentrations were evaluated using Schottky barrier differential
capacitance measurements.
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3*2. The Implantation Process
Ion implantation has now become a standard method of doping 
semiconductors, and considerable literature is available describing the 
implantation process „'[43-47]. We shall therefore restrict the discussion 
in this section to several aspects of implantation pertinent to our study.
Implantations for this work were performed on a 300 KeV Accelerators 
Inc., 30Q-MP Ion Implanter. A photograph and schematic diagram of this 
machine are shown in Fig. 3,1 (a) and (b) respectively. Implantation 
consists of producing a plasma containing ions of the desired impurity 
element, accelerating the ions to high energy, magnetically mass separating 
the ion beam to select the desired ions and directing them uniformly into a 
substrate * The ions lose their energy to the host crystal through electronic 
and nuclear interactions with the substrate atoms. This violent process 
causes complex radiation damage, which sharply degrades the properties of 
the host crystal. The implanted ions may come to rest at interstitial or 
non-regular lattice sites, A thermal annealing process is thus essential in 
order to restructure the implantation-damaged lattice and place the implanted 
impurities on electrically and optically active lattice locations.
3*2,1, Generation of Be Ions
Beryllium is one of the lightest metals with a very high melting 
point (1278° C), excellent thermal conductivity and strong resistance to 
oxidation and corrosion. It is, however, very toxic and the maximum allow­
able beryllium dust concentration is recommended to be 1-2 p,gm/cu. meter in 
work areas. The generation of a plasma of Be ions by a standard hot filament 
plasma source which utilizes an electric and a magnetic field for ionizing
15
Fig. 3.1(a). Photograph of the Accelerators Inc, model 300-MP 
Ion Implantation system.
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Fig. 3.1(b) Schematic diagram of the Ion Implantation system.
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atoms boiled off from a solid charge, is rendered difficult because of the 
very high temperature required (~ 3000° C). Hunsperger et al,[ll] first 
reported successful Be implantation using a mixture of Be and aluminum 
chloride to lower the temperatures required to obtain Be ions in the hot 
filament source. The charge of Be powder and aluminum chloride must be 
mixed together before every implantation. This requires constant handling 
of Be powder and can be extremely hazardous.
It was discovered [48] that the cold cathode electron impact source 
available with the Accelerators Inc. ion-implanter has a construction feature 
which may be conveniently used for the generation of Be ions. A cross 
section of the Accelerators Inc, cold*cathode source is shown in Fig. 3,2» 
This source is provided with three gas line inlets for maximum flexibility 
of interchanging source gases. A 0 to 10KV negative potential (termed 
,fproben voltage) is applied between the cathode and the source housing. 
Electrons emitted from the cathode due to the high field collide with the 
gas molecules, forming a self-sustaining plasma of ions and molecules. The 
positive ions are extracted through an exit canal constructed from beryllium 
to sustain the severely corrosive atmosphere. The exiting ions sputter off 
Be atoms from the canal which are then ionized by collisions with the ions 
and molecules in the plasma. We have observed that the Be ions are present 
in the beam regardless of the gas used in the cold cathode source. This 
confirms that a sputtering process is responsible for the presence of Be 
ions in the beam rather than some chemical process. We have observed that 
the Be ion current obtained in a beam generated from the cold cathode 
source is particularly large when the source gas is BF^. We may
17
Fig. 3.2. Sectional view of the electron impact cold cathode 
source,
♦
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attribute this to the fact that BF^ is extremely easy to ionize and yields 
an intense plasma in the cold cathode chamber, thereby increasing the sputter
yield of Be. We have obtained Be scanned currents of 2|iA using this method 
of generation.
The mass analysis spectrum of the beam obtained from the cold
10 11cathode source is shown in Fig. 3.3. The presence of B and B makes
9it extremely simple to identify the Be peak in the beam. It is clear 
from Fig. 3.3 that the mass separation magnet has adequate resolution
9to select the Be ions from the beam.
3.2.2. Range Determination for Be Implants in GaAs and GaAs.. P 
A theoretical estimate of the projected ranges of Be ions in 
GaAs and GaAs.. P may be obtained on the basis of the scattering theory of1"X X
Lindhard, Schraff and Schi^tt (LSS) [43]. The projected range and distribution 
of an implanted ion depends on the energy of the ions, masses of the ion and 
substrate atoms, substrate density, and other factors. All implantations 
reported in this work were performed on substrates tilted 7° from the 
incident beam, to avoid ion channeling effects. For this condition, the 
profile N(x) of the implanted ions as a function of depth x into the surface 
can be described approximately by a gaussian distribution.
N(x)
0: 4N□
d  - W
2 Ar 2
Ar e (3.1)
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Typical mass analysis spectrum at 250keV for an ion beam 
obtained from a cold cathode source using BF^ fuel.
Fig. 3.3.
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In this expression r^ represents the projected ion range and
Ar is the projected standard deviation. These quantities are measured in P
2[jim. Nq  is the total ion fluence (ions/cm ) used in the implantation.
For implantation of light atoms into heavy substrates, the electronic 
interactions become important. Estimates of electronic stopping are generally 
done on the basis of experimental data. This problem has been studied in 
detail for B implantation in Si„[49,50]„ We have used a computer program [51] 
to calculate the projected range for Be implantation in GaAs and GaAs ,P .
The electronic stopping data for B in Si has been extrapolated for the case 
of Be implantation in these compounds. Expected projected range, standard 
deviation, and stopping powers for Be ions in GaAs and GaAs.. P for various1 ™X X
implantation energies are tabulated in Appendix 1.
3.2.3« Implantation Through Si^N^ Films
For many applications involving the synthesis of special profiles,
it is desirable to avoid the low impurity concentration obtained from the
tail of the gaussian profile near the surface. For such applications, we
have performed the implantation through thin Si^N^ films (~ 1500 $) which
were deposited on the semiconductor surface prior to implantation. The
exact range determination for a composite target has been studied for the
SiO^-Si system„[52]. Essentially, a reasonable estimate of the range may ..be
obtained if the 1500 $ SiJSL film were replaced by a film of GaAs or GaAs, P3 4  r 1-x xoof thickness such that its stopping power is equal to that of 1500 A of Si^N^, 
In Fig. 3,4 we illustrate this method of estimating the range for a single
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Fig. 3.4. The theoretically predicted buried gaussian Be distribution 
for implantation through a Si^N^ film into GaAs. The solid 
line represents the bulk doping level.
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250 feeV Be implantation into GaAs. The equivalent thickness of the GaAs 
film required to simulate 1500 A of Si^N^ in this case is 1800 We 
have included tables of the range and stopping power of Be in GaAs and 
GaAs, P (x ~  0.38) and Si_N, in Appendix 1 for-reference,1“X X j 4*
3.2,4. Profile Synthesis by Optimal Summation of Gaussians
One of the most attractive features of the ion-implantation doping 
process is the possibility of synthesizing impurity profiles suitable for 
special device application. Such profiles may be synthesized if the impurity 
distribution is accurately known for a single implant and anneal. If there 
is a significant redistribution of the implanted impurity species during the 
heat treatment, it becomes very difficult to perform the desired synthesis.
The mass of Be ions is small enough that p>n junctions 1 M-m deep 
may be fabricated in GaAs and GaAs^ 38 at ^tnP^antat^on energies of
300 keV. We shall present evidence in Chapter 6 to show that there is no 
significant diffusion of implanted Be in these compounds during anneal for 
normal Be concentrations. Thus we may assume that the distribution of Be 
may be approximated by the LSS theory,[43],
A desired profile may be decomposed into a series of gaussian 
functions, which may then be realized using implantation parameters derived 
on the basis of the LSS theory [43]. Since such gaussian functions dp not form 
a complete orthogonal set, such a decomposition is not unique, Zaremba [53] 
has developed a numerical optimization scheme based on the Rosenbrod- 
algorithm [54] for determining optimum implantation parameters to.simulate
/
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a given function. Figure 3.5 illustrates the simulation of a uniform
impurity profile in GaAs using this algorithm. The presence of the
Si^N, layer eliminates the problems caused by the distribution tails of the 3 4
lowest energy implantation in this example„
3,3. Annealing
3.3.1. Native Defects in Annealed GaAs
Since the formation of crystal defects is unavoidable during the 
implantation process, suitable heat treatment is essential to restructure 
the lattice and place the impurities on electrically and optically active 
sites. Unlike elemental Si, the surfaces of GaAs samples are very unstable 
at the anneal temperatures required for this purpose, Formation of native 
defects during heat treatment of GaAs severely affects its electrical and 
optical properties [55-58]. An understanding of the naturerof these native 
defects is necessary in developing suitable surface protection during the 
annealing of ion implanted GaAs,
Low temperature photoluminescence is very sensitive to lattice 
perfection and has been used in the study of defects in silicon' [59] and 
GaAs.[60-62] By studying the low temperature (6°K) photoluminescence 
(described in detail in Chapter 4) emitted from GaAs [57] samples annealed 
either in vacuum or under overpressures of Ga or As, we have associated 
a luminescence peak at 8340 % (1.47 eV) with the effects of As outdiffusion, 
(presumably As vacancies). Lower energy peaks at 9130 X (1.35 eV) and 
9320 A (1.33 eV) are associated with Ga outdiffusion (presumably these 
peaks are due to Ga vacancies). Samples annealed with an SiO^ protective
24
Fig. 3.5. Summation of three Be implants at energies and fluences shown, 
to produce a uniform Be profile in GaAs. The implants are 
performed through a Si N film to avoid the low concentration 
Be tail near the surface. The horizontal lines represent a 
range of bulk doping.
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layer emit a photoluminescence spectrum dominated by peaks associated with 
Ga outdiffusion. These results (Fig. 3.6) indicate that while SIO 
encapsulation prevents outdiffusion of As, it is a poor mask against Ga 
outdiffusion. This result has also been observed using Rutherford back- 
scattering measurements.[58], In the present work, we have compared the 
protection provided by Si02 and Si.^ encapsulating layers, and we shall 
present evidence to show that S i ^  encapsulation for GaAs during anneal 
results in lower residual damage and better impurity activation, than can 
be achieved with SiO encapsulation.
In the case of GaAs^P^ the defects formed during the anneal are
nonradiative, but the formation of defects results in a sharp decrease in
the total radiative recombination. In contrast to the results obtained for
GaAs, there seems to be no significant difference between the properties
obtained from implanted GaAs P (x ~  0.38) annealed with SiO„ or Si N
2 3 4
encapsulation.
3.3.2. Encapsulation Techniques
The silicon nitride films were obtained by an rf plasma deposition 
process. A dilute (~ 7%) mixture of silane in nitrogen is introduced into 
an evacuated chamber to obtain a pressure of about 100 mtorr. The substrate 
is placed inside the chamber and held at 500° C. An rf discharge is 
initiated using two copper electrodes external to the chamber. The presence 
of the discharge initiates the formation of S i ^ .  "[66,67]. This, process of 
Si3N4 deP°sition operates at ~  500° C, in contrast with the 700° C 
operating temperature required in the system described by Donnelly et al, [68].
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Fig. 3.6. Typical photoluminescence spectra from GaAs samples annealed 
in various environments. In each case the sample was 
annealed for 1 hr at 850^.
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The lower temperature deposition system used here avoids the formation of 
native defects during deposition and allows for the study of the effects 
of low anneal temperatures (600° C).
The silicon dioxide passivating films used to encapsulate the
GaAs and GaAs, P samples for this study were deposited by the oxidation 1-x x
of silane [63] in a reactor very similar to that described by Hammond and 
Powers [64]. The substrates are held at 450° C in an atmosphere of oxygen 
and nitrogen in the presence of dilute silane for the deposition [65].
A very careful cleaning of the GaAs and GaAs^ ^P^ sample surfaces 
before deposition is absolutely essential to ensure proper adherence of the 
films to the surface. In particular thin layers (W 30 X )  of native oxides 
exist on GaAs and GaP after several days in room ambient [69,70]. These 
layers can be removed by cleaning in HCl just before the deposition of the 
passivating layer [69].
3.3.3. Heat Treatment Process
All the anneals for this study were performed in a 24" TransTemp 
furnace. The sample temperature was monitored by using a chrome1-alumel 
thermocouple and a Fluke 2100A digital thermometer. All anneals were done 
in a flowing argon environment.
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4. PHOTOLUMINESCENCE STUDY
Low temperature photoluminescence (PL) is a very powerful tool in 
the evaluation of ion-implanted layers in the GaAs-GaP system. In front 
surface photoluminescence measurement electron-hole pairs are generated by 
the absorption of photons of energy larger than the bandgap of 
the material. The resulting excess carriers diffuse away from the surface 
and recombine by radiative and non-radiative processes characteristic of the 
material. If the excitation wavelength is properly chosen, the absorption 
and carrier distribution can be kept near the surface, and the resulting 
spectral distribution is characteristic of the implanted layer. The 
radiative recombination processes are very critically dependent on lattice 
perfection, so that PL is extremely sensitive to light damage, which 
channeling and other techniques fail to detect. Because the effective 
mass ratio of electrons to holes in these compounds is much less than unity, 
donor levels are shallow (~ 5 meV) and acceptor levels are deeper (~ 30 meV). 
Further, central cell corrections cause sufficient shifts in the acceptor 
binding energies to enable them to be easily identified. Therefore PL 
can be used in this case to monitor impurity substitution and lattice 
damage.
4.1» Review of Radiative Luminescence in Acceptor Doped GaAs and GaAs P .J. r x x
The radiative recombination of electron-hole pairs in a luminescent 
material is governed by its electronic energy band structure. The theoret­
ical formalism of the interaction of a radiation field with the atomic 
system has been discussed in detail in the literature [71-74]. In the
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semiclassical formalism recombination rates for various radiative processes 
are derived from the absorption coefficient using detailed balance 
arguments,[75]. A rigorous treatment of the spontaneous emission process is 
based on the quantization of radiation field. It is not our purpose to review 
this formalism in detail. We shall instead present some theoretical results 
and experimental background on two specific recombination processes:
(1) recombination between conduction band electrons and valence band holes,
(2) recombination from the conduction band to shallow acceptor levels.
4.1.1. Band to Band Transitions
In this section we shall discuss the emission of optical radiation 
due to recombination between conduction and valence bands. Although 
formally it is proper to regard all optical transitions in terms of 
elementary excitations (excitons), experimental situations may arise where 
the coulomb effect may be neglected and the electron and hole may be 
considered to move independently in their respective bands.
At large excitation levels, the luminescence peak attributed to 
this mechanism for GaAs is observed to be at 1.497 eV at 77° K [76], where'the 
bandgap is determined to be 1.513 eV.[77].' Various electron hole-lattice 
interactions have been proposed to explain this effect [78], which we shall 
discuss later.
A theoretical prediction of the nature of the band to band 
recombination process for a direct bandgap in its simplest form assumes 
parabolic bands. Since the thermal distribution of carriers near the band 
minimum is active in producing recombination radiation, this is a valid
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approximation for luminescence measurements. For absorption studies, however, 
corrections for non-parabolicity of energy bands are necessary [79]. Most 
derivations of the spontaneous radiative recombination rate in direct band- 
gap material invoke the detailed balance principle and absorption calcu­
lations [75,80,81]. Not many first principle calculations of radiative 
recombination exist in the literature. Dumke [82] has developed a theory 
based on the quantum electro-dynamical result for spontaneous emission.
Dimmock [83] and Kittel [84] have used the electron-hole pair creation and 
annihilation operators through the agency of the Second Quantization 
formalism. If we neglect the coulomb interaction between the electron and 
hole, then the spectral dependence of the spontaneous emission rate 
R (liw) may be shown to be [42]
R (hw) * R (2n/(nkT)3/2)(hw - Eg)1/2 e"(hW ' % > /kT. (4.1)sp sp °
In this expression hw is the photon energy, Eg is the bandgap
energy and R includes various slowly varying energy dependent factors,sp
It has been shown [42] that the error involved in neglecting these factors 
i s sma11.
It is interesting to note that the emission due to free carrier 
recombination has not yet been observed for pure high quality GaAs. The reports 
of free-carrier recombination by Gilleo et al.[85,86] have subsequently been 
verified to be grating ghosts [86]. It is of course possible to observe 
luminescence bands at or above bandgap energy in heavily n-doped meterial [78]
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due to the Burstein shift. However, at these doping levels the emission 
bands are extremely broad due to band tailing effects and the 
theoretical arguments discussed above cannot be used to describe the 
spectral dependence of the emission.
4.1.2. Free gxciton Recombination
The near band edge emission (hw ~  Eg) is complicated by the coulomb 
interaction between the electrons and holes, which was neglected in the 
last section. In addition, emission spectra of GaAs, however, are generally 
dominated by extrinsic transitions involving impurity centers. However, 
vapor epitaxial GaAs of sufficient purity can now be prepared to observe 
both free excitons and excitons bound to impurities. The main feature of 
of the free exciton is its ability to move through the crystal. The 
energy of the free exciton, regarded as an electron-hole pair consists of 
two parts: the coulomb interaction energy between the electron and hole 
and the translational kinetic energy of the system. Dimmock [83] has presented 
an excellent review of the theory of excitons in III-V compounds. The free 
exciton wavefunction is described in the effective mass approximation as a 
slowly varying envelope function which depends on the coordinates of the 
electron and the hole. This envelope is easily shown to be approximately 
hydrogenic if the interaction is assumed to be coulombic. Thus the 
excitons contribute discrete bound states within the bandgap from which 
emission can occur for photon energies hw given by
hw = E - R /n^ for n = 1, 2,3. g x (4.2)
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In this expression R^ is a scaled Rydberg constant for the electron-
hole system and n is the principal quantum number * In GaAs the conduction
band electron mass is very small and the exciton binding energy is reported to
be 4.2 meV by Sell[87]and 4.41meVby Gilleo et al. [86], At low temperature
the n = 1 exciton line should dominate the emission spectrum and will occupy
most of our attention here * The free-exciton emission in GaAs occurs at
1,5156 eV at 2° K [88,89] . The emission is independent of impurities and is
observed in n, p, and high resistivity GaAs, The free~exciton emission
observed in high purity GaAs has a 1 meV width. It is interesting to note
in this context that the absorption exciton peak reported by Sturge [90]
(which is about 7 meV wide) possibly consisted of unresolved exciton
16impurity complexes„ This is expected for the doping levels (3 x 10 to 
17 “33 x 10 cm ) used in this work.
The near band edge emission from direct GaAs.. P is somewhat 
complicated by the sharp dependence of the T bandgap on crystal composi“ 
fion and alloy (As, P) disorder. However, it has been recently shown by 
Nelson et al* [25] that distinct free exciton absorption may be observed from 
high purity, lightly doped direct GaAs, P . The ground state broadeningJ- X
is less than 1 meV, indicating that the band edges in the ternary alloys
are well defined. They have found an exciton binding energy of 4,8 meV
for GaAs, P (x ~ 0.37), The increase in binding energy over that1-x x
of GaAs is expected because of the increase in the conduction band effective ■ 
mass and the decrease in dielectric constant with increasing x/[91].
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, t 4.1.3. Band to Acceptor Transitions
Radiative recombination transitions between the conduction band 
minima and shallow acceptor levels (BA) in direct gap semiconductors has 
been theoretically analysed by many researchers„[92-96], The assumption is 
made that a hydrogenic envelope function adequately determines the acceptor 
wavefunction, and that only the ground state of the acceptor is significantly 
involved in BA transitions. Excitons bound to these impurities have not been 
included in the analysis although bound exciton emission has been seen. In 
the effective mass approximation, the hydrogenic envelope functions afford 
a consistent theory of the impurity state. However, binding energies of
the impurity atoms vary considerably from those predicted on the basis of a
2coulomb potential -e /kr. The true potential deviates significantly from 
this coulombic value near the impurity ion core. This introduces the 
central cell corrections referred to in Chapter 2. The quantum defect 
(Q D ) technique [97,98] has been applied to derive approximate impurity wave-
functions including the effect of the core. Qualitatively, the, binding 
energy of the acceptor depends strongly on the core region. The QD method 
uses the binding energy and the requirement that the core wave function 
must be continuous with the coulombic part away from the core, to estimate 
the effect of the ion core. In calculations which used the hydrogenic 
model, the effective Bohr radius was adjusted to account for different 
impurity binding energies. This scaling is only partially successful in 
explaining the core effect. In the QD method the observed binding energy 
E^(obs) is given by
EA (obs) = - R*/v2. (4.3)
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In this expression R* is the impurity Rydberg obtained from the solution of 
the usual effective mass equation for coulomb potential, and v is the effective 
principle quantum number related to the hydrogenic quantum number n by
v = n - )i, (4.4)
where |i is the quantum defect.
The hydrogenic acceptor model of Eagles [92] results in a spectral 
dependence of the spontaneous BA transition R^(hw) written as
rba(^) 01 (hw " Eg + v
1/2 exp(-(hw - E + E )/kT) ê
The QD method predicts a spectral dependence in which (hw - E + E )g A
replaced by S(v,x) [98] where
(4.5)
1/2 .is
x
m E (k) c c
M Ea a A
(4.6)
The correction involved is small for recombination in GaAs [42], 
It is much more severe for donor valence band transitions, however. We 
shall therefore assume the hydrogenic acceptor model as the basis for 
interpretation of the PL data.
Equation (4.5) has been shown to fit experimentally observed PL 
spectra for GaAs very lightly doped with Cd [99], Si [99], and Ge [100]. 
This suggests that the hydrogenic acceptor model is adequate for studying
BA transitions.
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The binding energy of most shallow acceptors in GaAs and 
GaAs- P (x & 0.4) is small enough that the phonon coupling is weak>L"X X
and phonon assisted luminescence can be ignored. However the binding 
energy is large enough to cause significant acceptor deionization at 
temperatures below 120° K. This results in rapid changes in the intensity 
of the luminescence bands with temperature. The quenching of the intensity 
of the BA emission can be related to the radiative lifetime by 
diffusion analysis [96,102] and is given by
f ba a (1/t b a)(t/d)1/2 • - <4-7)
In this expression t is the total lifetime for the electrons, considering
both radiative and nonradiative recombination, and the diffusion coefficient
D is related to the mobility (J. of the minority carriers through the Einstein
relation. Both t and D increase slowly with temperature at low temperatures,
1/2so that the variation of (t /D) is negligible. It is thus a good approxima­
tion to assume that
f b a  “  1/ t b a - <4 - 8 >
The lifetime can also be related to the number of neutral acceptors 
N° [102] hy the expression
^  « l/r(oON° , (4.9)
where T(o') is a factor which corrects for the velocity distribution of the 
thermalized minority carriersu[96].
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The number of unionized acceptors N° for partially compensated 
semiconductors may be obtained from the following expressions [103]
(4.10)
+  V « V  e*P(- V kT)
NA - ND - Po " P 1 + F ’
jl
1 + F = 2 j2 exp[ - (j2 - 1) EA/(j2kT)]. (4.12)
In the above expressions N^(N^) is the acceptor (donor) concentration*
P is the equilibrium concentration of holes in the valance band, E. is the 
acceptor binding energy, is the valance band effective density of states, 
3 is the acceptor degeneracy and F represents contributions of the excited 
states of impurity. Hill [41} has shown that for Zn acceptors in GaAs the 
above expressions may be used to fit Hall measurement data if one assumed 
3 = 2 ,  and no excited states = 1). Thus temperature dependent PL 
measurements can be used to estimate the acceptor binding energy E^ using 
equations (4.9 - 4.12). Indeed,experimental results for intensity varia­
tion in Cd-doped GaAs have been shown to be in excellent agreement with the 
analysis,[ 102] The spectral position of the BA peak mhy be found from the 
derivative of equation (4.5) with respect to the photon energy and is given by
E (T) = E (T) - E + kT.
-RA § A
(4.13)
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It is, of course,,understood that this expression is valid only if the 
phonon coupling strength can be neglected. If the variation of the bandgap 
energy with temperature is known, equation (4,13) may be used to fit the 
experimental peak energies of the BA transitions as a function of temperature 
using as a parameter. The width of the spectral distribution at half 
maximum value may be shown to be linear in temperature. The dependence of 
the spectral distribution and intensity of the BA transition can thus be 
monitored to identify the transition and estimate a value for the acceptor 
binding energy.
4.2. Analysis of Experiment
4,2,1» The Experimental Setup
A diagram of the equipment used to observe the front face photo- 
luminescence is shown in Fig. 4.1. The samples of Be implanted GaAs or 
GaAs- P were compressed into indium wetted copper heat sinks after appro-JL-X X
priate implantation and anneal procedure described in Chapter 3 [104]. The copper 
heat sink was then mounted in a Janis "Super Veritemp" liquid helium cryostat.
The photoluminescence was excited by either a Coherent Radiation 
Model 52 G Argon-Krypton mixed gas laser or a Model 53 Krypton laser. This
provided a choice of excitation wavelengths. For most GaAs samples the
o o5145 A line of the Argon-Krypton laser was used. The 4880 A line of this
laser was used to excite the implanted layer in GaAs^ (x ~  0.38). For
oshallower excitation the 3507 A line of the Krypton laser was used. We 
shall discuss the excitation process in detail in the next section.
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Fig. 4.1. Schematic diagram of the photo luminescence apparatus.
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Appropriate bandpass interference filters were used to cut off any 
spontaneous laser emission. The laser light was chopped at a 50?o duty and the 
power incident on the sample was measured to be 60 mW for most cases. The 
diameter of the focussed laser beam was about 2 to 3 mils.
The spectral response was recorded using a Jarrel-Ash 1/2 meter 
scanning spectrometer. A photomultiplier tube with S-l characteristics 
(cooled to 77° K) was used for recording GaAs spectra. The spectral distribu­
tion of PL from GaAs P (x ~  0.38) was measured by a photomultiplier with"“X X
S-20 response. Lock-in detection techniques were used to obtain adequate 
noise supression.
The sample temperature was monitored by a calibrated Ge resistance 
thermometer in the 2-45° K temperature range and a calibrated Pt resistance 
thermometer in the 35-150° K range. Both thermometers were embedded in the 
copper sample holder. The overlapping temperature range was used to cross­
check the calibration of the thermometers. The temperature was varied using 
resistive heating and was held constant to within + 1° while the spectra 
were recorded.
An unimplanted sample from the same wafer as the implanted sample was 
included on each heat sink to be used for calibration of intensities between 
runs. Spectral intensities presented in this thesis have not been corrected 
for photomultiplier response and it is assumed that such correction has little 
effect in the spectral region of interest.
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4.2.2* Generation of Carriers
The optical excitation for front face photoluminescence is necessarily 
non-uniform. The exciting light is absorbed near the surface and creates excess 
electron-hole pairs. Since the carriers are mobile they diffuse further into 
the bulk of the material before recombining with photon emission. The result­
ing photon must travel to the surface if it is to be observed, with the 
possibility of reabsorption in the bulk or total reflection at the surface.
Thus to correlate the luminescence measurements with the recombination rate, 
it is strictly necessary to account for these effects. Holonyak and Scifres [104] 
have described the use of extremely thin platelets (2 ~  3 M-m) in order to 
achieve uniform excitations. For ion implanted samples, however, the implanted 
layer thickness is of the order of 1 dm or less, and ideal photoluminescence 
excitation of the implanted layer would aim at a high overlap between the 
generated excess carrier profile and the implanted impurity distribution [105].
with an implanted gaussian impurity profile is rather difficult to calculate. 
However, if we neglect drift effects, assume that a constant lifetime t can 
describe the recombination processes, and a constant surface recombination 
velocity S can characterize the current sink at the surface, then the 
continuity equation may be solved [106] to yield an excess carrier 
distribution AP(x) given by
The exact excess carrier distribution for a semi-infinite solid
ah + SL/D -x /L.
1 + SL/D 6 ) 9(1 -  orALA)
(4.14)
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—c^ xwhere g(0) e describes the generation profile, which for unity quantum 
efficiency coincides with the optical absorption profile. The absorption 
coefficient is a, and L is the minority carrier diffusion length.
We have used equation (4.14) to estimate the minority carrier 
distributions in GaAs (Fig. 4.2) and GaAs. P (x~0.38) (Fig. 4.3),
Values of the absorption coefficient for GaAs at low temperature are taken 
from the data of Sturge [90]. Similar data for absorption coefficients 
above bandgap have not, to our knowledge, been reported in the literature. 
However, recent absorption measurements near bandedge on high purity 
GaAs.. P (x~0.38‘) show remarkable similarity to absorption data of-L “X X
GaAs [25] .
We have therefore estimated the absorption coefficient above 
bandgap for GaAs. P (x~0.38) by a proper translation of the energy1 X
scale in the absorption data for GaAs. We have used a minority carrier 
diffusion length of 1 |im as a typical value for both GaAs and
GaAs., P (x^O „38) „ The surface recombination velocity for GaAs has1-x x
6been taken as 10 cm/sec [107] and that for GaAs 1 _ P (x~0.38) is assumed1 ~X X
to be 5 x 10~* cm/sec [108],
Also shown in Figs. 4.2 and 4.3 are the optical absorption profiles 
for various energies of excitation. The excess carrier distribution 
peaks at about 2500 2 below the surface for 5145 2 excitation in GaAs 
(Fig.4.2) and at 2000 2 for 4880 2 excitation. The distribution of Be atoms 
in GaAs for a 130 keV implant and a 250 keV implant are superposed on the 
excess carrier distribution. It is obvious that there is a considerable 
overlap between the 130 keV implanted profile and the excess carrier
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Fig. 4 2. The normalized absorption profile for the 5145 $ and 4880 $ optical excitation in GaAs are shown. The excess carrier 
distributions in GaAs due to these excitations have been 
normalized with respect to the generation rate. The expected 
Be distribution for a 130 keV and a 250 keV implant have 
been superimposed. These distributions have been normalized 
to their peak values.
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Fig. 4.3. The normalized absorption profile for the the 4880 $ and 3507 $
excitation in GaAsn ,.P. 00 are shown.The excess carrierU.Jo
distribution due to these excitations have been normalized 
with respect to the generation rate. The expected Be 
distribution for a 130 keV and a 250 keV implant have been 
superimposed. These distributions have been normalized to 
their peak values.
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distribution caused by 5145 X excitation. Thus for this combination the 
luminescence spectrum is obtained essentially from recombination in the 
implanted layer. For 4880 $ excitation and a 250 keV implant, the 
overlap is much smaller, and the excited layer is shallower than the 
impurity distribution. We have used this particular excitation in 
conjugation with layer removal techniques to obtain impurity distribution 
profiles, We shall discuss this procedure in Chapter 6.
Similar results are obtained for GaAs.. P (x~0.38) (Fig. 4.3).
JL*"X X
The carrier distribution for the 4880 $ excitation is seen to overlap 
exactly with the 130 keV Be profile. The 3507 $ produces a 
much shallower excitation, which can again be used for impurity distribu­
tion measurements.
The Be implantation energy of 130 KeV was chosen on the basis 
of this overlap, and the appropriate excitation energies were used for the
PL study.
4.3. Characteristic Photoluminescence from Be Implanted GaAs
and GaAs_ P (x~0.38)1-x x v
4.3.1. GaAs:Be 
oTypical 6 K photoluminescence from vapor epitaxial GaAs samples
excited with 5145 $ photons and from samples implanted with 130 keV Be ions
to various fluences and annealed at 900°C for 1 hr in flowing Ar,in Si„N,3 4
encapsulation, is presented in Fig. 4.4. The peak at 8192 (1.514 eV) is
observed in all samples both implanted and unimplahted.
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Energy (eV)
142 144 146 148 150 152
Fig. 4.4. Typical photoluminescence spectra at 6°K : (a) unimplanted 
GaAs;(b-d) GaAs implanted with Be at 130 keV to doses shown 
and annealed at 900°C for 1 hr with Si^N^ encapsulation.
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The width of this peak in unimplanted material is about 4 meV 
and increases to about 7 meV in moderately Be doped material. The invariance 
of the peak position seems to indicate that it is due to free exciton 
recombination [88,89,109]. However, the increased width with doping 
suggests that unresolved excitons bound to the neutral Be acceptors 
partially contribute to this emission peak. The peak energy is about 1.6 meV 
lower than the position of the free exciton peak reported at 2°K [88,89].
The shrinkage in bandgap between 2 K and 6 K [41,45] does not account for 
this shift. Although the pump power is not as strong as required for 
stimulated emission, it is possible that certain electron-hole-lattice 
(EHL) interactions proposed by Basov et al. [110] and Wolff [111] may cause 
some bandgap shrinkage similar to that seen by Rossi et al. [78]. This 
exciton recombination is extremely sensitive to lattice damage and may be 
used as a monitor of the degree of lattice restructuring as a function of 
annealing.
In implanted samples a lower energy peak at 8304 X (1.493 eV) 
grows in intensity with increasing Be dose. In Zn implanted [112], diffused 
[88] and epitaxially grown Zn doped GaAs a luminescence peak at 5°K has 
been observed at 1.489 eV. This peak has been attributed to recombination 
from the conduction band to neutral zinc acceptors. Ashen et al. [10] 
have observed a PL peak at 1.492 eV due to conduction band to neutral Be 
transitions in epitaxial GaAs. We may therefore tentatively assign this 
transition to the same recombination process. In a later section we shall 
examine the temperature dependence of this transition to confirm this
assignment.
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4.3.2. GaAs_ P (x^0.38): Be 1-x x v
Typical PL spectra obtained at 6°K with 4880 X excitation from
GaAs- P (x«U>.38) samples are shown in Fig. 4.5. An unimplanted sample 1-x x •
is compared with samples implanted with 250 keV Be ions to fluences of
13 V\ 210 and 10 ions/cm and annealed at 900 C for 1 hr. The solid 
curves in (b) and (c) represent spectra obtained from samples annealed 
with SÌO2 encapsulation, whereas the dashed line in (c) represents the 
emission from samples annealed with Si^N^ encapsulation.
The peak labeled T (6242 X ,  1.986 eV) in Figure 4.5(a) has been 
attributed to direct recombination between the T  ^conduction band minimum 
and the valence band [113]. The position of the direct band minimum as a 
function of crystal composition was computed on the basis of electro­
reflectance [114,115], photoluminescence [113], and optical absorption [116,117]. 
Most of the data was obtained at 300°K or 77°K. Extrapolation to low tempera­
ture has been done on the basis of the temperature dependence of the bands
of GaAs and GaP [77,113].
oAt 6 K, the highest emission energy PL peak (for low pumping level) 
in lightly doped GaAs is attributed to free exciton recombination [88].
Until recently, no positive evidence of free exciton recombination was 
presented for the ternary system. Nelson et al.[25] have observed free exciton 
absorption in lightly doped direct GaAs., P and they estimate a free exciton
1 "X  X
binding energy of 4.8 meV for x = 0.39. This demonstrates that band edges 
in the ternary alloy system are well defined despite the alloy (As,P) disorder. 
The highest energy PL emission from thin GaAs-_ P (x~0.38) platelets for 
high pumping levels is observed by Nelson et al.[25] to be 10 meV below the
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Fig. 4.5. Typical photoluminescence spectra at 6 K : (a)unimplanted
GaAsQ 62PQ 3g; (b),(c) GaAsQ 62p0>38 implanted with 250 keV
Be to doses shown and annealed at 900 C for 1 hr.The solid 
curves are obtained from samples annealed with SiO^ encap­
sulation.The dashed curve in (c) shows the change m  spectral 
distribution when Si encapsulation is used for the anneal.
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free exciton energy seen in optical absorption studies, presumably due to 
electron-hole-lattice interactions. ' For the pumping levels used 
in our experiment (< 10 W/cm ) such effects are not expected to be important. 
Indeed, the shift is seen to be less than 2 meV for the case of Be implanted 
GaAs. A comparison of the spectral distribution obtained from Be-implanted 
GaAs with Figure 4.5 suggests that the P recombination observed here may 
be attributed to free excitons. Although we designate this emission 
band here as T recombination, we would like to emphasize the uncertainty 
in determining the bandgap energy on the basis of the position of this peak. 
This uncertainty will be reflected in the assignment of the binding energyl
of Be in this compound.
The crystal composition variation across a wafer causes a shift 
in the energy of the T peak by about + 5 meV. Thus the spectral distribution 
may be shifted slightly along the energy (wavelength) axis even for samples 
obtained from the same wafer.
In Be implanted samples [Figure 4.5 (b), (c) solid curves] a lower 
energy peak at 6340 X (1.955 eV) grows with increasing Be dose. In analogy 
with the PL spectra obtained from Be implanted GaAs, we attribute this 
emission peak to recombination from conduction band to neutral Be acceptors 
(BA). The dashed curve in Figure 4.5 (c) represents the spectral distribution 
obtained for samples annealed with Si^N^ encapsulation. The broad low energy 
shoulder at 6510 £ (1.904 eV) coincides with the luminescence band which 
in the past has been attributed to nearest neighbor nitrogen pair recombination 
[118]. Recent results of PL studies on nitrogen-implanted GaAs.. P indicate,
JL "X  X
however, that this peak is due to recombination involving isolated nitrogen
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centers and the resultant level associated with the X-band minimum [119]. 
This band (called the A-line in GaP), and its phonon replicas [119] are 
responsible for the weak low energy tail evident in Figure 4.5 (c). We 
shall present further evidence to substantiate this conclusion in later 
chapters.
4.4. Annealing Characteristics
PL spectra presented in the last section are dominated by two 
peaks for both GaAs and GaAs^P^ (x~0.38) implanted with Be. The exciton 
peak is very sensitive to lattice perfection and may be used as a monitor 
of the lattice reordering during the anneal. The BA peak is related to the 
number of optically active Be acceptor sites and serves as an excellent 
index of impurity activation. In this section we shall present relative 
variation of the integrated intensities of these two emission bands as a 
function of anneal environment and temperature.
4.4.1. Isochronal Anneal of GaAs:Be
Figure 4.6 presents the integrated intensity of the BA lumines­
cence at 6 K (1.493 eV band) as a function of anneal temperature for GaAs
13 2samples implanted at 130 keV to a dose of 1 x 10 ions/cm and annealed 
in various environments. Considerable As outdiffusion takes place when GaAs 
samples are heated above 600°C either in air or in vacuum. The loss of 
As results in a defect luminescence center at 1.47 eV [57]. (Fig. 3.6)..,
To prevent this loss of As, we have annealed the samples with Si^N^ or Si02 
encapsulation or with As over pressure. The 1.47 eV defect band is not 
observable in these samples. As seen from Fig. 4.6, the integrated intensity
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Fig. 4.6. Integrated intensity of the 1.493 eV BA luminescence band 
due to Be acceptors in GaAs,as a function of isochronal 
anneal temperature for samples annealed with Si^N^ and SiO^
encapsulation in flowing Ar, and under As overpressure.
52
of the Be-related band increases with anneal temperature for samples annealed 
with Si^N^ or SiC^ encapsulation. In the case of samples annealed in As 
overpressure, the intensity of the band increases with anneal temperature 
between 600°C and 800°C but decreases between 800°C and 900°C, apparently 
due to degradation caused by pronounced Ga outdiffusion.
Figure 4.7 shows the integrated intensities of the exciton 
luminescence as a function of anneal temperature for the same anneal 
conditions as Fig. 4.6. The exciton peak recovers to the preimplanted level 
when annealed to 900°C with Si^N^ encapsulation, but is severely degraded 
for samples annealed in As overpressure. These results clearly indicate 
that Si^N^ provides the most suitable encapsulation during annealing of 
implanted GaAs.
Figure 4.8 shows the variation of integrated intensity of the BA
band as a function of anneal temperature for samples implanted at 130 keV
12 -2 13 -2to fluences ranging from 5 x 10 cm to 5 x 10 cm and annealed with
encapsulation. The intensity of Be-related luminescence increases with 
Be implantation fluenee and with anneal temperature. The relative intensities 
among the three samples after the 900°C anneal correlate closely with Be 
fluences.
In Figure 4.9 the variation of the integrated intensities of the 
exciton band is plotted as a function of anneal temperature. Si^N^ encapsu­
lation was used during the anneal. .The integrated intensity of this band 
increases with increasing anneal temperature for all samples and recovers to 
almost the pre-implantation intensity for the two low fluenee samples.
Annealing the high dose (5 x 10^ cm sample at 900°C restores the intensities
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Fig. 4.7 Integrated intensity of the free exciton luminescence as a 
function of isochronal anneal temperature for GaAs samples 
annealed with Si^N^ and SiO^ encapsulation in flowing Ar, 
and under As overpressure.
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Anneal Temp. (°C.)
L P  - 1 1 0 6
Fig. 4.8. Integrated intensity of the BA luminescence band as a
function of isochronal anneal temperature for GaAs samples 
implanted with 130 keV Be to doses shown.
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Fig. 4.9. Integrated intensity of the free exciton luminescence band 
as a function of isochronal anneal temperature for GaAs 
implanted with 130 keV Be to doses shown. The dotted line 
represents the free exciton intensity observed in unimplanted 
GaAs .
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to ~  370 of the pre-implantation value. This reduction in intensity of the 
free exciton band is due to the presence of the competing BA recombination
due to Be acceptors. It is significant that the total integrated intensity
13 -2at 6 K after the relatively heavy fluence (5 x 10 cm ) implant and a
900°C anneal is greater than that of the starting material.
The spectra obtained at 300°K from an unimplanted sample and a
13 -2sample implanted with 130 keV Be to a dose of 1 x 10 cm , and annealed 
at 900°C with Si^N^ encapsulation for 1 hr, are shown in Fig I 4.10. *
It can be seen that the total luminescence obtained from the implanted 
sample is significantly greater than that obtained from the unimplanted 
sample. Although the exact reason for the eightfold increase is not clear, 
this result shows beyond doubt that ion-implanted layers can be annealed 
to produce high quality material suitable for efficient luminescence.
4.4.2. Isochronal Anneal of GaAs, P (x~0.38):Be1-x x
In general, the annealing characteristics of GaAs^_^P^ (x~0.38) 
are very similar to that of GaAs. Instead of reproducing the data in the 
previous section, we shall present annealing characteristics for conditions 
of multiple Be implantations in GaAs., P in an attempt to show that even
1 ""X X
more extensive damage than that discussed in the last section may be 
successfully annealed.
Figure 4.11 presents the integrated intensity of the BA lumines­
cence as a function of anneal temperature for GaAs, P (x^0.38) samples
-L X
14 2implanted with 250 keV Be ions to a fluence of 1 x 10 ions/cm and annealed 
with Si02 and Si^N^encapsulation. The Be related luminescence is slightly 
greater .for the samples annealed with Si^N^ encapsulation than those annealed
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Fig. 4.10. 300°K photo luminescence spectra from unimplanted GaAs compared
with samples implanted with Be and annealed as shown.
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Fig. 4.11. Integrated intensity of the BA luminescence band as a
function of isochronal anneal temperature for Be implanted 
GaAsQ 6 2 PQ 3g samples with Si^N^ and Si(>2 encapsulation.
The intensities are normalized to the integrated T intensity 
obtained from an unimplanted sample.
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with SiC>2 encapsulation. However, electrical activation data we shall 
present later indicates, that there is very little difference between these 
two encapsulants for annealing GaAs., P . Furthermore, there is almost1 “X X
no difference in the intensity of the exciton peak obtained from samples 
annealed in Si^N^ and SiC^* This suggests that the increase in the BA 
luminescence seen is probably due to the contribution of nitrogen centers 
(Np) to the radiative recombination process [119], that has not been 
resolved for the level of Be doping used.
Figure 4.12 shows the variation of integrated BA intensity as a 
function of isochronal anneal temperature for multiple energy and dose Be 
implants into GaAs__ P (x~0„38) selected to result in a uniform BeJL“X X
19 -3 18 - 3concentration of 2 x 1 0  cm (solid curve) or 6 . 6  x 1 0  cm (dashed curve)
[see Appendix 2] to a depth of 1 Mm. The intensity of the Be related
luminescence increases for higher anneal temperature and is stronger for
higher Be concentration. This shows that the implantation damaged lattice
can be annealed even after multiple implants. This result is extremely
significant in the context of using ion-implantation to synthesize special
profiles for device applications. We shall discuss this in detail in
Chapter 7.
Figure 4.13 shows the integrated F and BA luminescence intensity
at 6 °K as a function of 250 keV Be dose for GaAs., P (x~0,38) samples ,
1 -x x
annealed at 900°C with SiO^ encapsulation. The competing BA process becomes
the dominant radiative recombination mechanism for a dose of about 
13 22 x 10 ions/cm , which corresponds to a maximum Be concentration of 
17 -3~  5 x 10 cm . Although the total luminescence remains essentially constant,
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Anneal Temperature °C
LP-1120
Fig. 4.12. Integrated intensity of the BA luminescence band as a
function of isochronal anneal temperature for GaAsrt0.62 0.38
samples implanted with Be at multiple energies and 
fluences (Appendix 2).The intensities are normalized to 
the integrated p intensity obtained from an unimplanted 
sample.
No
rm
al
iz
ed
 I
nte
gra
ted
 In
ten
sit
y
61
Fig. 4.13. Integrated intensity of the f and BA luminescence bands 
as a function of 250 keV Be fluence. The intensities are 
normalized to the integrated p intensity obtained from 
an unimplanted sample.
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the BA luminescence tends to saturate for high fluences. For Be doses 
14 -2above 2 x 10 cm in GaAs, the BA luminescence actually decreases with
increased dose. A similar "concentration quenching" effect has been
observed by Tuck for Zn doped GaAs [120]. The maximum Be concentration
corresponding to the dose at which concentration quenching is observed is 
18 - 3about 4 x 10 cm which is consistent with that observed for Zn doped 
GaAs. Various mechanisms have been proposed to account for this quenching 
effect. Obvious possibility of precipitate and complex formation near 
the solubility limit of an impurity [1 2 1 ], exists for very heavy doping.
i
Hill [122] has shown that the absorption edge moves to lower energy for 
heavy p-doping of GaAs. This results in a large increase in the self 
absorption of the emitted radiation, which may be responsible for the 
quenching effect. For GaAs,which has an effective mass ratio (0.15) much 
less than one, the probability of nonradiative Auger transitions increases 
at heavy doping [123], This competing process may be the dominant cause of 
quenching of radiative recombination in p-GaAs and p-GaAs^ ^P^ (^0.38).
4.4.3 Isothermal Anneals
Monitoring PL intensities for GaAs and GaAs.. P (x'~0.38) samples1"X X
as a function of anneal time at 90Q°C indicates that more than 95% of the 
annealing occurs in the first 15 minutes. The luminescence intensities 
do not increase appreciably for anneal times more than 30 minutes. Thus 
a 30 minute anneal at 900°C is adequate for restructuring the implanted 
lattice and optically activating the implanted Be in GaAs and 
GaAs i ^P^ (x~=0.38) .
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4.5 Temperature Dependence of Photoluminescence
The binding energy of Be in GaAs is estimated to be 27 + 3 meV 
[8,10,124]. As we pointed out in section 4.2.3, this binding energy is 
shallow enough that the strength of the phonon coupling is small and 
phonon assisted luminescence can be ignored. The binding energy is, 
however, large enough to cause sufficient acceptor deionization at 
temperatures below 120°K to cause rapid changes in the PL intensities, 
which can be related to recombination lifetime (section 4.2.3). We shall 
now examine the temperature dependence of the Be related luminescence 
peak (BA) in GaAs and GaAs^ ^P^.
4.5.1. GaAs:Be
The spectral energy distribution of the BA luminescence at 3°K 
and at 5°K form GaAs samples implanted with 130 keV Be to a fluence of
i A 2 o1 x 10 cm and annealed at 900 C is shown in Fig. 4.14. The maximum Be
1 3 - 2  „ 17concentration for a fluence of 1 x 10 cm at 130 keV is about 3 x 10
cm \  At 5°K the spectral distribution shows a peak at 1.493 eV. This 
distribution has a longer low energy tail than is predicted by equation 
(4.5). However, it is similar to the line shape observed for BA transitions 
in Cd doped GaAs [99]. The 3°K spectrum of Fig. 4.14 includes two shoulders 
on the low energy side of the BA peak (labeled A X and DA), which are 4.5 
meV and 9,8 meV below the main BA peak respectively. Similar peaks have 
been observed by Williams and Bebb in Cd doped GaAs [99]. They have 
associated the DA line with donor-acceptor recombination and the A X line 
with exciton-ionized acceptor transitions. Although many similar assign­
ments have been made [88,89,125-127], they are difficult to substantiate
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Energy eV
Wavelength (A)
LP-1139
Fig. 4.14. Photoluminescence spectra of the 1.493 eV emission from
GaAs samples implanted with 130 keV Be ions to a fluence
13 2 oog 10 ions/cm and annealed at 900 C.The spectrum at
5 K shows a single peak ,which is associated BA recombination.
At 3°K two low energy shoulders ( A"X and DA) are observed.
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based on available data. Rossi et al.[128] have suggested that the 
multiplet of emission lines could be explained on the basis of emission 
from two different acceptors. Although the epitaxial substrates used in 
our work were not intentionally doped, the presence of unintentional 
impurities cannot be discounted. It is therefore possible that the A X 
line observed here may be due to radiative recombination involving a donor 
and an unknown acceptor species. However, the unimplanted GaAs samples 
used in this work exhibit only very weak luminescence at 1.49 eV, about 
three orders of magnitude smaller in intensity than the BA peak shown in 
Fig, 4.14. This emission does not grow in intensity after annealing the 
unimplanted GaAs at 900°C under conditions identical to the annealing of 
the implanted sample. Since Be is the only acceptor introduced by the 
implantation doping, it is reasonable to conclude that the A~X band in 
Fig. 4.14 is due to exciton-ionized Be acceptor recombination rather than 
donor-acceptor recombination. The A X and DA shoulders are not observed 
in partially annealed samples (700°C), so they are probably not associated 
with lattice damage complexes.
The long low energy tail of the BA band is due in part to the
A X and DA transitions. In addition there is possibly some broadening of
17 -3the acceptor level for the doping density used (^3 x 10 cm ). For 
lower Be fluences, the contribution from the near band edge recombination 
makes it difficult to resolve the BA band and follow its intensity variation 
as a function of temperature.
In Fig. 4.15 we show the temperature variation of the full width
at half maximum (AE ) and the energy at which the BA peak occurs (E .).BA BA
The half width is a linear function of kT for samples annealed at 900°C, as 
expected for BA transitions. However, the slope of the line is smaller
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T ( ° K )
Temperature dependence of the energy of the BA emission 
peak E ^  and its width > for GaAs samples implanted
with Be as shown, and annealed at 700°^ or 900^. The 
solid line represents the theoretically predicted 
variation of with temperature.
Fig. 4.15.
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than that expected from a hydrogenic acceptor model. This is possibly due 
to the contributions of other radiative processes discussed above and 
the broadening of the acceptor level due to the relatively high doping 
density. At 5°K the width of the BA line for the sample annealed at 700°C 
is smaller than that of the sample annealed at 900°C. The concentration 
of the optically active Be is smaller after a 700°C anneal than after 
900°C, so that acceptor level broadening is less pronounced in the
partially annealed sample. The width of the BA line after the 700°C anneal
o oincreases rapidly up to 20 K and becomes larger than that of the 900 C
sample. The nonlinear variation of AE^ for the sample annealed at 700°C
may be attributed to the presence of residual lattice strains typical of
incomplete annealing. The temperature variation of the BA peak energy may
be estimated from equation (4.13) using the temperature dependence data
of the bandgap of GaAs [77,90] with as a parameter. The solid line of
Fig. 4.15 shows the theoretical prediction of the variation of the peak
energy for the BA recombination, assuming an acceptor binding energy of
28.4 meV for Be in GaAs. The experimental points obtained from the samples
annealed at 900°C and 700°C are also shown in this figure. The fit is
o oquite good for samples annealed at 900 C, where as samples annealed at 700 C 
show some scatter, likely due again to the presence of some residual lattice 
damage.
The temperature variation of the emission intensity from the 
samples annealed at 900°C and 700°C is shown in Fig. 4.16. The intensity 
of the BA peak increases slightly with increasing temperature up to 30°K, 
after which it is rapidly quenched. The increase in intensity with
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Fig. 4.16. Temperature dependence of the intensity of the BA emission 
peak for Be implanted GaAs samples annealed at 700°C 
and 900°C.
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temperature at low temperatures is similar to that observed by Bogardus 
and Bebb [89] . They observed an increase in the BA emission intensity 
with a simultaneous decrease in the intensity of a peak due to exciton- 
neutral donor complex (D°,X) recombination. They concluded that the 
(D°,X) complex thermally dissociates by ejecting a free electron into 
the conduction band, which subsequently recombines with a neutral 
acceptor. This process is not observed here in samples annealed at 700°C, 
for which BA emission intensity decreases continuously with increasing 
temperature. This may result from competing nonradiative processes in the 
partially annealed material.
The quenching of the intensity F ^ of the BA emission in the
30-100°K range can be related to the radiative lifetime tbA as discussed
in section 4.2.3. We have fitted the reciprocal of the BA emission
intensity to [N° r(tf) ] " 1  (Fig* 4.17). The acceptor degeneracy 0 (equations
4 .1 0 -4 .1 2 ) has been taken as 2 and excited states of the acceptor have
16 -3been neglected. An average acceptor density of 8 x 10 cm was used in
13 -3this calculation, and the compensation was assumed to be 8 x 1 0  cm 
The average acceptor density was chosen to account for the gaussian Be 
profile and the excess carrier distribution shown in Fig. 4.2. The acceptor 
binding energy used to obtain this fit was 25.8 meV. Considering the 
possible error in estimating the average acceptor concentration, the 
uncertainty in acceptor binding energy is estimated to be + 2 meV.
The temperature dependence of the peak associated with Be lumines­
cence (1.493 eV at 5°K) strongly indicates that it is associated with 
recombination from the conduction band to neutral Be acceptors. The binding
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T(°K)
The reciprocal of the observed intensity of BA emission 
for Be implanted GaAs samples fitted to 1/N° TC0') as a 
function of inverse temperature. The anneal temperature 
was 900°C.
Fig. 4.17.
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energy of Be as obtained from the temperature dependence of the peak intensity
is 25.8 + 2  meV, and that obtained from the temperature dependence of the
peak energy is 28.4 meV. The latter estimate is based on the approximation
that the phonon coupling strength for the Be peak is small, and is
probably a more realistic approximation than those involved in relating
othe temperature dependence of the intensity to N^.
4.5.2. GaAs.. P (x~0.38):Be 
1 -x x
The BA emission peak observed in Be implanted GaAs., P (x~0.38) 
(Fig. 4.11) differs from the corresponding peak in GaAs in one important 
respect. The BA peak in the ternary has a larger half width, and no low 
energy shoulders can be detected in samples implanted with 250 keV Be to a
-I o —O «
fluence of 1 x 10 cm and annealed at 900 C with Si0 2  encapsulation.
The Si02 encapsulation is used for studying the temperature dependence 
to avoid the complications of nitrogen doping from Si^N^ described in
section 4.3.2.
Figure 4.18 shows the variation of the full width at half maximum
(AE .) and the peak position of the BA emission (E ) as a function of BA BA
°temperature. The width decreases for increasing temperature up to 10 K, 
after which it increases linearly. The behavior at low temperature 
may be attributed to the thermal quenching of certain other unresolved 
radiative processes (such as the DA and A X observed in GaAs) which contribute 
to the low energy side of the BA peak.
The theoretical estimate of the peak position is complicated by 
two factors. First, the location of the bandedge is uncertain as discussed
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Fig. 4.18. Temperature dependence of the energy of the BA emission
peak and its width A E ^  for GaAs ^  3g samples implanted
with 250 keV Be ions to a fluence of lx 101 3 ions/cm2 and 
annealed at 900 C with Si02 encapsulation. The solid line
for the peak energy variation is estimated on the basis of
temperature dependence of the peak as discussed in the
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in Section 4.2. Second, the temperature dependence of the bandgap has not 
been accurately determined for GaAs^ ^P^ (xM).38). In order to make an 
estimate,however, we use the following procedure. The measured temperature 
dependence of the f peak position for an unimplanted sample is used in 
equation (4.13) to predict the variation of the BA peak. The binding 
energy E used is 29.5 meV. The experimental points agree quite well with■fX
this estimate. However, based on the data of Nelson et al. [25] the Y
peak is at least 4.8 meV below the bandedge, possibly more if EHL effects
are present. Thus the lower limit for the estimate for binding energy of
Be in GaAs^ xPx (x-^ 0.38) is 34.3 meV from this data.
The intensity of the BA luminescence decreases monotonically with
temperature. No increase in intensity with temperature is observed in the
3-30°K temperature range, unlike the GaAs samples. This is possibly due to
some alloy (As,P) disorder in the ternary and increased nonradiative
processes which compete with the radiative BA transitions.
The reciprocal of the intensity F ^  is fitted to [N^F(O') ]  ^ in
Fig. 4.19. Again an acceptor degeneracy p = 2 is used and excited states
16 — 3are neglected. An acceptor density N of 9 x 10 cm is used and theA
16 “ 3compensation is taken to be 4 x 10 cm . The binding energy required 
to obtain the fit is 35.5 meV. Considering the error involved in estimating 
n , an error of + 3 meV may be associated with this value.
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Fig. 4.19. The reciprocal of the observed intensity F fitted to o - 1  BA
J as a function of inverse temperature, for
GaAs0.62P0.38Samples imPlanted with Be and annealed at 
900°C with SiO^ encapsulation.
75
The temperature dependence of the Be-related peak in 
GaAs^ ^P^ (x~0.38) seems to indicate that the BA peak (6340 X at 5°K) is 
associated with recombination from the conduction band to neutral Be 
acceptors. The binding energy of Be in this material may be estimated 
as 35 + 3  meV. Since the binding energy of acceptors in GaP is much
deeper than in GaAs, this value does provide a reasonable estimate 
consistent for a ternary.
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5. TRANSPORT PROPERTIES
An evaluation of the nature of the electrically active centers 
introduced by the implantation and annealing process is of great importance 
for device applications. The characterization of electrical activity of an 
implanted layer is generally done by Hall effect and resistivity measure­
ments. These measurements are difficult to analyse for low annealing 
temperatures where the conduction processes in the implanted layer are
complicated by defect centers. For simple hydrogenic acceptors in GaAs,
17 -3impurity banding begins at ~  5 x 10 cm and this band merges with the
13 3valence band at N ~  3 x 10 cm ,[129,130]. For most Be implants,A
13 - 2doses > 5 x 1 0  cm will cause such degenerate doping conditions, and the 
properties of these layers differ significantly from those obtained from 
samples with lower doping. However, for device fabrication purposes, 
conduction properties of implanted layers with heavy doping are important. 
Measurements described in this chapter are geared towards the determination 
of anneal conditions which yield the maximum number of holes in the implanted 
layer. Further characterization of annealed samples is obtained from the 
temperature dependence of the Hall effect.
In general, the Hall mobilities measured in the implanted layers 
may be quite different from that expected in bulk samples, because of 
spatial variation of impurity concentration. Ideally, the total number of 
carriers per unit area in the implanted layer should equal the total ion 
dose for complete activation and 100% doping efficiency. Of course for 
heavy doses approaching solid solubility the activation may be significantly
lower.
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5.1. Scattering Mechanisms and Mobility Models
Transport properties of the valence bands of III-V compounds are 
considerably more complex than those of the conduction bands. Models used 
in calculation of hole mobilities may be classified in two major categories: 
(1 ) detailed calculations where mobility is obtained by solving a pair 
of coupled Boltzmann equations, and (2) phenomenological models used to 
produce simple but accurate expressions for hole mobilities, based on 
experimental data rather than basic theoretical principles. We shall briefly 
review both types of models, maintaining a clear distinction between the 
two.
5.1.1. Two-Band Transport
The two interacting valence bands degenerate at k - 0, complicates 
the hole mobility calculations and leads to a set of coupled Boltzmann 
equations [131-134]. If the bands Vx and V2 are assumed to be decoupled such 
that no interband scattering occurs, we have a simple model for effective
mobility
= Pl^ l+ P2^2 
^eff (Pj+ P2) (5.1)
where the subscripts refer to the two bands. This model may have some 
validity for ionized-impurity scattering [135], but it is extremely poor in 
the case of phonon scattering [132,133], where it becomes essential to 
consider interband scattering [131].
5.1.2. Warping of Energy Surfaces
In Chapter 2 we discussed the non-Spherical nature of the valence
bands. The most important consequence of this warping is on the ratio of
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the Hall to drift mobility. This is important because calculations yield
a drift mobility whereas the experimentally measured quantity is
usually the Hall mobility (p, ) . The two quantities are related by theH
factor r given by 
H
rH = V ^ d  • <5 '2)
For nondegenerate, spherically symmetric bands it is easy to 
show that [136]
rH = < T 2  > (5.3)
where t is the scattering time and ( ) indicates a thermal
average over the distribution of carrier energies. For isolated spherical
bands r is always greater than or equal to unity. For warped bands r 
H H
depends on both the scattering mechanism and the degree of warping [137,138]. 
Calculations including the anisotropy of the energy surface predict that 
r < 1. If both t and the energy surface are anisotropic, r^ can be >1 or <1. 
Lax and Mavroides [22] have related r^ to the energy surface anisotropy for 
III-V compounds. To our knowledge there has not been any comprehensive 
calculation of hole mobilities which account for all the relevant scattering 
mechanisms and band anisotropy. In view of this, there is little justifica­
tion for assuming r to be different from unity, and the uncertainty thusri
introduced in interpreting experimental data should be kept in mind.
5.1.3. Scattering Mechanisms in p-GaAs
One of the main reasons for interest in measurement of carrier 
mobilities is that a careful study of temperature dependence of the mobility 
can provide information, about the importance of various scattering mechanisms.
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It is reasonable to expect that for GaAs the allowed mechanisms should be
similar to those in the very widely studied group IV materials. Indeed, Wiley
and DiDomenico [139] found a striking similarity in the temperature dependence
of lattice mobilities of holes for Ge, Si, GaP and GaAs. The hole mobilities
-Scan be approximated by p, « T with P « 2.2-2 .4 in the 100-400°K range.
A simplified model involving acoustic and nonpolar optical scattering [139]
can be used to fit the data, adjusting only the acoustic mode deformation
potential. The acoustic and nonpolar optical scattering are thus probably
dominant in p-type GaAs. Hill [41] deduces a lattice limited mobility of 
2.41 2(I « 400(300/T) cm -/v .sec for Zn doped GaAs whereas Rosi et al [140] deter-
2 3 2mined the variation to be (i « 418(300/T) V  cm /V.sec.
Ionized impurity scattering is also of great practical importance, 
because mobility at a fixed temperature (usually 77°K or 300°K) is often 
used as a measure of the purity of a crystal. For electrons in nondegenerate 
s-like bands scattered by ionized impurities the mobility (|i^  ), is given 
approximately by the Brooks-Herring formula [141],
where
(JU£ = 3.284 x 1 0 15
!2 m3/2 k T
N. (m /ni )2  i v e cr
T [ln(l+b) - -1
b = 1.294 x 10
* 2
14 meT k
m n 1 o
1  + b (5.4)
(5.5)
and
n' - n + (Nq- Na - n) (n + Na )/Nq
Ni - n + 2Na
(5.6)
(5.7)
2In these expressions (i is in cm /V.sec, m^ is the electron effective mass 
and the other symbols have their usual meaning. In extending this treatment
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to the effects of ionized-impurity scattering on hole mobility, Brooks 
argued that ionized impurity scattering is ineffective in causing interband 
transitions, since scattering is elastic and scattering angles are small.
It should thus be possible to use the decoupled band approximation. Since 
the effective mass dependence is very weak in the Brooks-Herring formula, 
light hole mobilities are only slightly greater than those of heavy holes, 
and do not offset the concentration difference in the light and heavy 
hole bands. Thus the light hole contribution to the effective mobility is 
small.
The Brooks-Herring model is thus a very approximate description 
for hole mobilities and not based on rigorous theory, but it has been 
successfully used to fit experimental data [41].
5.2. Impurity Band Conduction
When the impurity concentration is increased to a point where the 
wave functions of the impurity state overlap, the discrete energy levels 
associated with the impurities are broadened into a band of allowed states 
in which conduction may take place by a bound carrier hopping process 
whereby the carriers jump from one impurity site to the next. Mott and 
Twose [142] provide an excellent estimate for the impurity concentrations 
required for impurity band conduction in Semiconductors.
The temperature at which impurity conduction can be observed is 
determined by the mobility of the carriers in the impurity bands. This 
mobility is generally small compared to the conduction or valence band 
carrier mobility because of the wide spacing between impurity centers. On the
81
other hand, the number of carriers in the conduction and valence band are 
determined by the impurity activation energy, while the energy regulating 
impurity conduction is much smaller,varying between zero and 1 meV depending 
on impurity concentration. Thus at higher temperatures the conduction 
and valence bands dominate the conduction whereas at lower temperature 
impurity band conduction may become dominant. In the general case, we may 
write the conductivity cj for p type material as
= + Pi^i * <5‘8)
In this expression py and p, represent the concentration of carriers and the 
drift mobility of the valence band, and p , M'i are the corresponding 
quantities for the acceptor impurity band. The Hall coefficient in the 
same notation should depend on these quantities according to the expression
rh -  (p/ „  + pi ^ ) / q  ( p / u + p ^ i )2 • (5.9)
In this expression we have assumed r = 1 for the impurity concentrations of
interest. This expression has a maximum at a temperature for which the
conductivity of the impurity band is approximately equal to that provided by
the valence band. At temperatures much higher than this, the Hall effect
is governed by the valence band conduction process. At lower temperatures one
may assume that a Hall effect exists for carriers in the impurity levels,
with Hall mobility comparable to the drift mobility.
Hall effect measurements for Zn doped GaAs [41,140,143,144] have
demonstrated that impurity conduction may be observed for acceptor doping as 
17 -3small as 2 x 1 0  cm
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5.3. Experimental Methods
f
5.3.1. Sample Preparation
Vapor epitaxial GaAs and GaAs., P (x~0.38) described in Chapter 3
JL - X  X
13 ** 3 16 « 3(N^ ~  8 x 1 0 1 cm and 4 x 1 0 1  cm respectively) were used for measure­
ments of electrical activity. Following the Be implantation and anneal, a 
van der Pauw [145] contact pattern was defined by evaporation of a Ag:Mn 
alloy which has been shown to form ohmic contacts to GaAs [146] and GaAs., P [4] 
The contacts were lightly alloyed at about 300°C on a carbon strip heater in a 
pure hydrogen atmosphere. These samples were cut into 90 mil squares (Fig. 5.1). 
In order to minimize the effects of finite contact size [147], grooves were 
sand blasted on the sample surface through a 3 mil stainless Steel shadow 
mask. The sample was held on the mask during this step using glycol phthalate. 
This was necessary to protect other parts of the sample surface. The samples 
were then mounted on nylon discs using silver micropaint. The contacts were 
aligned with the scribe marks on the disc for proper registration in the sample 
holder.
The sample holder used for making the Hall measurements is shown in 
Fig. 5.2. The disc with the mounted sample was inserted in the sample holder 
and the contacts were aligned with spring loaded non-magnetic Pogo stick 
contacts made by Pylon Co., using the locating slot on the disc. This method 
of sample insertion makes it extremely easy to interchange samples, and 
eliminates the problems associated with soldering wires to the contact.
5.3.2. The Double AC Hall System
Conventional Hall effect measurements employ a steady magnetic field 
perpendicular to the sample with a steady sample current. The
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Locating
Slot
Nylon
Substrate
Sandblasted
Grooves
Contact
Metalization
Fig. 5.1. Photograph of a typical van der Pauw sample on a nylon 
substrate. The contacts are isolated by sandblasted 
regions. The locating slot on the substrate enables 
proper positioning of the sample in the double ac 
sample holder. The scribe marks on the substrate are 
in alignment with the contact pads on the sample.
/
in
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Retaining Cable
Screws Clamp
Fig. 5.2. Sample holder designed for use with the double ac 
Hall system. The spring loaded Fogo-stick contacts 
eliminate the necessity of soldered joints. The samples 
are mounted on nylon substrates and pressed on to the 
contact pins. A locating pin automatically registers the 
contacts, o
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change in the voltage developed in an orthogonal direction is a measure of 
the Hall effect. The van der Pauw [145] style Hall measurements using the 
dc technique are plagued with various thermoelectric [148] and misalignment 
effects which must be averaged out by permutation of field and current. 
Furthermore, to enable voltage differentials to be measured, magnetic fields 
of the order of 5-10 kilogauss are generally used.
The double ac Hall effect measurement, first proposed by Russell 
and Wahlig [149], employs a separate frequency for the exciting current and 
the magnetic field. The Hall voltage then appears at the heterodyne 
frequencies. If the driving frequencies are phase locked, then it is 
possible to measure the heterodyne component using a lock-in detection 
technique as shown in the schematic in Fig. 5.3, The use of the double 
ac technique thus converts a differential measurement into an absolute voltage 
measurement. Furthermore, phase sensitive detection provides excellent noise 
suppression. The frequency domain separation of the Hall voltage from the 
zero field voltage allows extremely small Hall voltages ( 1 nV) [150] and low
mobilities [151] to be measured. For van der Pauw style double ac measure­
ments the sheet resistivity pg and mobility are given in terms of the 
van der Pauw functions [145], as
Ps
TT / rabcd + rbcda\ f / rabcd\
In 2 2 ' \ RBCDA^ ’
^  =
^  % D A C (rmS) 
B(rms) x I(rms) x ps
(5.10)
(5.11)
where f(RABCE/RBCD^) *-s a tabulated factor given by van der Pauw [145]. Our
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Mobility
Fig. 5.3. Schematic diagram of the double ac Hall system.
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double a.c. system utilizes a 250 Hz magnetic field and a 1 kHz sample current. 
The Hall voltage is detected at 750 Hz. This has a significant advantage 
over other systems described in the literature [149-152] which utilize either 
line frequency or extremely low frequencies (~ 2 Hz). 7Rejection of the 
zero field signal, is improved since better selection is accomplished much 
more easily at the higher frequency, and line frequency interference 
problems are reduced considerably. A 200 gauss solenoidal magnetic field and 
^  1 mA current is sufficient to make Hall effect measurements. This reduces 
• the size of the magnet considerably and definitely satisfies the weak field 
condition. The details of this Hall system are discussed elsewhere [153].
Temperature dependence of the double a.c. Hall effect was measured 
with this system using a cryostat very similar to that described by Altwein 
et al.[151]. The solenoidal magnet was built into the cold finger of a 
liquid nitrogen cryostat. A calibrated platinum resistance thermometer and a 
chrome1-alumel thermocouple with a Fluke 2100A digital thermometer were used 
to monitor the sample temperature simultaneously. These sensors were buried 
in the copper sample holder as close to the sample as possible. Polycrystalline 
sapphire was used to hold the spring-loaded contacts and to press the sample 
on the contacts. The high thermal conductivity of this material assures 
uniform temperature distribution in the sample holder. The temperature was 
varied using resistive heating of the cold finger, and was held constant to 
within + 1 ° while the measurements were taken.
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5.4. Annealing Characteristics
5.4.1. Isochronal Annealing of GaAs:Be
The effect of various annealing environments on the electrical 
activation of Be-implanted GaAs is shown in Fig. 5.4. The sheet 
resistivity of the implanted layer is plotted as a function of anneal 
temperature for samples annealed with SiO^ and Si^N^ encapsulation, under 
vacuum or in flowing Ar. The lowest sheet resistivity, corresponding to 
maximum impurity activation,is observed for the case of samples annealed 
with a Si^N^ encapsulation in flowing Ar. The sheet resistivity decreases 
monotonically with increasing anneal temperature, indicating increasing 
impurity activation. Degradation of the electrical characteristics for 
SiC^ encapsulation and vacuum anneals is consistent with the work of 
Gyulai et al.[58] and Chatterjee et al.[57], who showed that significant 
outdiffusion of Ga into SiO^ occurs for such anneal conditions.
Hall mobility and sheet carrier concentration measured for GaAs
samples Be-implanted to various doses at 250 keV and annealed for 1 hour
at temperatures between 600-900°C with Si^N^ encapsulation are shown in
Fig. 5.5. The sheet carrier concentration increases with anneal temperature
whereas the mobility stays roughly independent in this temperature range.
This is similar to the anneal data of Hunsperger et al.[ll]. The maximum
value of sheet carrier concentration agrees remarkably well with the
implantation fluences up to ~  10^ ions/cm2. At higher fluences the sheet
carrier concentration is lower than the fluence, becoming about 60% of the
14 - 2fluence for a dose of 6 x 10 cm . Since the maximum impurity concentration
Sh
ee
t 
R
e
si
st
iv
ity
 
(&
/□
)
89
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Fig. 5.4.
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Sheet resistivity of GaAs samples implanted with Be as shown, 
as a function of isochronal anneal temperature ,for anneals 
conducted in flowing Ar or vacuum,with Si0o or Si_N
encapsulation.
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Fig. 5. 5. Hall mobility and sheet carrier concentration as a function 
of anneal temperature for GaAs samples implanted with 250 keV 
Be to the doses shown, and annealed with Si encapsulation.
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for this implantation dose is about 1 0 -^  cm 3^  partial activation is not very 
surprising. The doping efficiency reported here is significantly higher 
than that obtained for donor implants in GaAs [154,155].
Figure 5.6 shows the measured room temperature mobility values 
for samples implanted with 250 keV Be to various fluences, as a function 
of the expected average Be concentration for these doses. The average 
concentration is assumed to be at the projected standard deviation of the 
impurity distribution predicted by the LSS theory [43]. Data points taken 
from hole mobility measurements in bulk GaAs at 300°K are also included
in this figure. The solid line was calculated using a Brooks-Herring [141]
2formula together with an assumed lattice-limited mobility of 400 cm /V. sec. 
We emphasize that Brooks-Herring theory is empirical and the solid 
curve does not have a true theoretical significance. However, it may be 
seen from Fig. 5.6 that ,the measured mobilities due to Be acceptors are 
very close to those obtained for bulk samples. This indicates that the 
anneal technique affords excellent restructuring of the lattice, and that 
Be is a useful shallow acceptor in GaAs.
5.4.2. Isochronal Annealing of GaAs- P (x^0.38):BeJL —X X
The anneal temperature dependence of sheet carrier concentration 
and mobility of GaAs- P (x~0.38) samples implanted with 250 keV Be ionsJ. “X X
to various fluences is shown in Fig, 5.7. As in the case of GaAs, the sheet 
carrier concentration increases monotonically with increased anneal tempera­
ture and yields essentially 100% impurity activation for doses up to 
14 21.1 x 10 ions/cm . The Be doping efficiency in GaAs and GaAs., P (x^0.38)J- ""X X
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The concentration dependence of Hall mobility in p-GaAs 
at 300°K (▼this work,O [ 144] ,V [ 163] ,□ [164] , • [41] ,
A [153],+ [40],X [165] ). The solid line represents the 
Brooks-Herring prediction of the mobility variation with 
acceptor concentration.
Fig. 5.6.
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Fig. 5,7. Hall mobility and sheet carrier concentration as a function 
of anneal temperature for GaAs^ 38 samP^es implanted
with 250 keV Be to doses shown .
94
seems to be very similar. The mobility in GaAs.- P is lower than those 
in GaAs by almost a factor of two. This is possibly due to the alloy (As,P) 
disorder in ternary systems. Very little data has been reported for 
mobilities in p-type GaAs.. P . Stoneham [156] has recently measured Hall
1 "X  X
mobilities in Zn implanted GaAs^^P^ (x~0.38). The mobilities obtained 
for Be acceptors seem to be consistently higher than those measured by 
others in Zn implanted material [156]. .% However, the quality of the 
substrate material is extremely important in comparing mobility data and 
these differences may reflect the superior crystal structure of the wafers 
used in this study.
The data presented in Fig. 5.7 were obtained from samples annealed 
with Si^N^ encapsulation. Hall effect measurements on samples annealed 
with SiC^ encapsulation resulted in sheet carrier concentration and mobility 
that was remarkably close (+ 1%) to those obtained with Si^N^. This leads 
us to conclude that the encapsulating dielectric for annealing GaAs., P (x~0.38)
J. “ X X
does not determine the electrical properties as critically as is the case for 
GaAs. It is difficult to present a strong theoretical basis for this result.
The presence of phosphrus in the system is perhaps responsible for this 
difference in behavior, and reduces the tendency of the crystal to form 
native defects. It may also be argued that since a large density of deep 
level defects are present in the GaAs^^P^ (x~0,38) crystal [157], the 
perturbing condition due to the different dielectric encapsulation may not 
be significant enough to be measurable under our experimental conditions.
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5.4.3. Isothermal Anneals
van der Pauw measurements on Be implanted GaAs and GaAs., P (xM).38)
J-""X X
samples as a function of annealing time at 900°C indicate the electrical 
activation is essentially complete after 15 min of annealing; and very 
little increase in activation is observed for longer anneal times. It 
is interesting to compare this result with the optical activity data of 
Chapter 4. The optical activation and lattice recovery are essentially 
complete after 30 min of 9Q0°C anneal, and a definite improvement is 
observed on increasing the anneal time from 15 min to 30 min. This 
difference may be attributed to the fact that residual strain present in 
the lattice affects the optical properties more severely than the electrical 
properties.
5.5. Hall Effect and Resistivity
5.5.1. GaAs: Be
The temperature dependence of the Hall coefficient and sheet
resistivity of GaAs samples implanted to various doses of 250 keV Be and
annealed at 900°C are shown in Fig. 5.8 and 5.9 respectively. The samples
13 -2implanted to doses of 6 x 10 cm or more show the well-known features 
of impurity banding. With decrease in temperature the Hall coefficient 
does not increase continuously but reaches a maximum value and then 
decreases again for smaller temperature. As the doping increases this 
maximum shifts to higher temperature. Similar impurity banding effects have 
been reported for Zn doped GaAs [143,144]. The resistivity of the samples 
is essentially constant,, at low temperatures, which is also characteristic
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Fig. 5.8 Hall coefficient as a function of inverse temperature for 
GaAs samples implanted with 250 keV Be to doses shown and 
annealed at 900°C for \ hr.
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Fig. 5.9. Sheet resistivity as a function of inverse temperature for 
GaAs samples implanted with 250 keV Be to doses shown and 
annealed at 900°C for h hr.
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of impurity conduction. However, for the sample which was Be implanted to 
1 2 - 2a dose of 3 x 10 cm , the Hall coefficient and resistivity increase 
continuously with temperature in the range of measurements. In addition to 
the limitation in the temperature range available with the liquid nitrogen 
cryostat, contacts to this and other lightly-doped samples were not very ohmic 
at low temperature, severely restricting the range of useful measurements. 
Indium-zinc contacts used by Hill [41,158] were not used because of the possible 
interference caused by the presence of Zn in the alloy. However, this data 
is very similar to that reported for Zn doped GaAs [41,143].
An approximate value for the binding energy of Be can be obtained
12from the Hall data of Fig. 5.8 for the sample implanted to a dose of 3 x 10 
-2cm . We do not have Hall effect data near liquid helium temperature to
obtain an exact value of the compensation N. - N , we shall therefore useA D
the same estimate for compensation and average used in the temperature
dependent PL measurements. Fitting the data of Fig. 5.8 with an average 
; 16 3 13 3K, ~ 8 x 10 cm , N ~ 8 x 10 cm , a layer thickness of 1 pm andA D
assuming 3 = 2  and neglecting excited states, we obtain a binding energy 
” 22 + 10 meV. Needless to say, this value is not really reliable and 
can at best be considered a very crude estimate. However, it does not 
contradict the value of 28.4 meV obtained from our PL measurements.
5.5.2 GaAs^ ^P^ (x^0.38): Be
Figures 5.10 and 5.11 show the variation of the Hall coefficient 
and sheet resistivity of GaAs- P (x~0.38) samples implanted with 250 keVi'-’X X
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Fig. 5.10. Hall coefficient as a function of inverse temperature
for GaAs„ „„samples implanted with 250 keV Be to doses0,o2 0.3o
shown and annealed at 900 C for % hr,
Sheet resistivity as a function, of inverse temperature for
GaAs P samples implanted with 250 keV Be to doses0.62 0.38
shown and annealed at 900 cl for \ hr.
Fig. 5.11.
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Be to various fluences and annealed at 900°C. Only heavier fluences have 
been used because of practical problems in making contacts to lightly 
doped p-GaAs^
The variation of Hall coefficient and sheet resistivity with 
temperature for GaAs P (x~0.38) also exhibit the features of impurity¿"X X
banding and are remarkably similar to those obtained for GaAs.
5.6 Hall Mobility
The variation of Hall mobility with temperature for GaAs and 
GaAs^ P samples Be implanted to various fluences at 250 keV and annealed 
at 900°C are shown in Fig. 5.12 and Fig. 5.13 respectively. The dependence 
of mobility on temperature for the doping densities considered are remark­
ably similar to that reported in Zn doped GaAs [143,144]. The mobility is 
dominated by lattice scattering at temperatures above 120°K. Impurity 
scattering dominates at lower temperature. The maximum mobility occurs at 
higher temperature with heavier doping. Vaidyanathan and Hutchby [159] have 
observed that below 5Q°K the mobility of the heavily Be implanted GaAs 
becomes independent of temperature, indicating a hopping conduction 
mechanism. It is interesting to note that the mobility variation in Be 
implanted GaAs^ ^P^ .(xM).38) is very similar to that obtained from Be 
implanted GaAs. To our knowledge the temperature dependence of Hall effect 
for p-GaAs^ ^P has not been previously reported.
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Fig. 5.12. Hall mobility as a function of temperature for Be implanted 
GaAs.
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Fig. 5.13. Hall mobility as a function of temperature for Be implanted
GaAs0.62P0.38*
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6. DEPTH DISTRIBUTION OF IMPLANTED Be
The distribution of implanted Be atoms is theoretically predicted 
from scattering considerations by the LSS [43] theory. The actual distri­
bution can be experimentally determined using a variety of techniques.
These techniques may measure the distribution of the implanted Be atoms 
irrespective of their lattice location, or they may measure the distri­
bution of the Be atoms which are in electrically or optically active sites. 
The common methods for measuring the total distribution are secondary 
ion mass spectroscopy (SIMS), glow discharge optical spectroscopy (GDOS), 
auger electron spectroscopy (AES), and electron spectroscopy for chemical 
analysis (ESCA). The relative merits of these methods have recently been 
reviewed [160,161]. We have not employed these techniques in this work 
and shall not discuss them any further.
The active impurity profile is of great importance to device 
fabrication, and our aim has been to make measurements which indicate the 
distribution of the active Be. Scanning electron microscopy in the 
secondary electron „photoluminescence measurements in conjunction with
successive layer removal,generalized differential capacitance-voltage 
measurements, and differential Hall measurements in conjunction with anodic 
oxidation have been used to determine active Be profiles,
6.1. Scanning Electron Microscopy
The secondary electron emission from a semiconductor is sensitive 
to surface topography and elemental composition. In addition the difference 
in the electric potential at the p-n junction results in a voltage contrast
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in the secondary emission,presumably due to the smaller work function of 
the p-region of the junction. Thus the p-region of the p-n junction 
emits a larger number of secondary electrons than does the n-side. In this 
work an electron beam of diameter ~  200 £ generated in a JSM-U3 scanning 
electron microscope was swept across the freshly cleaved section of the 
implanted and annealed wafer. The secondary electrons emitted were 
counted on a scintillation counter. The resulting signal was then used 
to modulate the contrast on a cathode ray tube driven synchronously 
with the electron beam to produce a contrast modulated scanning electron 
micrograph. This signal may also be used to modulate the y-deflection 
of the scan on the cathode ray tube. The resultant micrograph then shows 
contours of high and low secondary electron emission very clearly.
6.1.1. Depth Distribution
Figure 6.1(a) shows a contrast modulated scanning electron 
micrograph obtained from a GaAs sample which had been implanted with Be to 
Obtain the theoretical profile shown in Fig. 3.4. The sample was annealed 
for 1 hour at 900°C. The Si^N^ film was then removed by etchings and a 
layer of LPE p-Al Ga_ As was grown on the surface [162]. It may be noted 
that the implantation is predicted to result in a buried p-region about 
0.4 (im wide below a surface n-layer of about 0.3 (i.m. The scanning electron 
micrograph ({Fig. 6.1(a)) shows this structure with the width of the narrow 
n-layer and buried p-layer almost exactly the same thickness as that 
predicted by Fig. 3.4. This leads us to conclude that the implanted Be 
does not diffuse significantly in GaAs during the anneal, since such diffusion 
would cause the thickness of the buried layer to change very sharply.
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L.P.E. 
pG aA iAs
n-GaAs
Be implanted p-GaAs
n-GaAs
Substrate
LP -1 13 0
Fig. 6.1(a), Contrast modulated secondary electron micrograph of the 
cleaved section of a GaAs sample implanted with a buried 
gaussian Be profile.An LPE layer of A1 Ga As was grownX JL ~X
on the implanted layer [163 after a 900°C lhr anneal.
Be Implanted 
P"GaAs062Fo38
Substrate 
n“ GaAs0 62Fq38
Fig. 6.1(b). Contrast modulated secondary electron micrograph of the 
cleaved section of a GaAs^ ^2^0 38 samP^e implanted with
a uniform Be profile (2xl0i9 ctir-39Appendix 2)and annealed 
at 900°C for lhr.
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Figure 6.1(b) shows a contrast modulated scanning electron 
micrograph of the section of a GaAs- P (x~0.38) sample implanted to1—X X  ^3
obtain a uniform Be profile (~ 2 x 10^ Cm ) and annealed at 900°C for 
1 hour. The theoretical profile expected for this sample is discussed 
in Section 7.1. ' . The expected junction depth is approximately 1.1 jim. 
The p-n junction as seen from the scanning electron micrograph is about
1.2 jJLm deep, in excellent agreement with the predicted value. This 
leads us to conclude that similar to the case of GaAs, there is no 
significant diffusion of the implanted Be in GaAs. P during anneal.
.L **X X
In Fig. 6.2 we present a deflection modulated micrograph obtained from a 
GaAs sample which was implanted with a uniform Be profile (as in Fig. 3.5). 
A thin layer of LPE p- A1 Ga1_ As was grown on the implanted layer [167].
X JL ~X
OThe sample was then annealed in an As overpressure at 900 C for 1 hour.
The implanted layer is seen to be approximately 1.1 |im thick as predicted. 
The interface between the implanted surface and the grown epitaxial layer 
is of particular interest. No interface defects can be observed in this 
micrograph. This indicates that the implanted surface can be used to 
grow high quality epitaxial substrates. This opens up the possibility of 
coupling the implantation and epitaxial techniques for fabricating semi­
conductor devices. For example, certain forms of semiconductor lasers 
could benefit from the close doping control offered by implantation. The 
replacement of the ion milling step in distributed feedback (DFB) laser 
fabrication with Be implantation of a grating would greatly simplify the 
process. Furthermore, such implanted DFB gratings should be sharper and 
contain fewer defects than ion milled gratings. 1
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1/i.m
n-GaAs
Substrate
Be Implanted 
p-GaAs
LPE Grown
p-AlxGai-xAs
Fig. 6.2. Deflection modulated sceondary electron micrograph obtained 
from a GaAs sample implanted with a uniform Be profile.A 
thin layer ofAlGa As was grown on the implanted layer
X  1 “ X
by Holonyak and Ludowise[167].
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The deflection pattern on the implanted layer in Fig. 6.2 is 
very similar to the predicted impurity profile (Fig. 3.5). The secondary 
electron emission does depend on the doping density, in as much as it 
determines the position of the fermi level in the semiconductor. This 
similarity in the expected profile and the deflection modulated 
micrograph suggests the possibility of using this method to qualitatively 
evaluate impurity profiles in semiconductors. However, we must emphasize 
here that the presence of the epitaxial layer is essential for this 
purpose. The sample edge distorts the electric fields pattern, resulting 
in abnormal secondary emission near the surface and masking the secondary 
emission dependence on impurity variation. The use of an epitaxial layer 
allows the separation of these surface effects from the region being 
studied,
6.1.2. Lateral Diffusion Effects
It has been observed [32,166] that during thermal diffusion of
Zn in GaAs through windows in an SiO^ mask, there is a considerable
lateral diffusion under the masking dielectric layer. Baliga and Ghandhi [32]
have estimated a lateral diffusion of about 18-20 |im for Zn diffusions
leading to a junction depth of 1 pm* This dramatic lateral diffusion
effect makes it impossible to fabricate diffused junction devices with
small geometries requiring < 15-20 pm line widths.
We have observed lateral Zn diffusion under a SiJN. mask in GaAs3 4
and GaAsQ £2^0 38 us^n§ t*ie secondary electron mode of the scanning 
electron microscope. A contrast modulated and deflection modulated micro­
graph of the edge of a standard Zn diffused junction in GaAsn /-0PA is
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shown in Fig. 6.3(a) and (b). It can be seen that there is a preferential 
Zn diffusion very close to the surface, immediately below the Si3N4 layer. 
This is illustrated very well in the deflection modulated micrograph.
It is possible that the different expansion rates of GaAs^ ^2^0 38 anc*
Si^N^ causes an interface strain which is responsible for this anamolous 
lateral diffusion. In Fig. 6.4 we show a deflection modulated micro­
graph of the edge of a Be implanted GaAs. P (x~0.38) diode annealed atJL ""X X
900°C. The edge is seen to be free of irregularities that are present 
in the case of Zn. A continuous film of Si^N^ is present on the GaAs^^P^ 
(x~0,38) surface during the implantation and anneal, and a photoresist 
mask is used to define the device areas. Thus Be implantation is Seen 
to produce more well defined junction edges. Junction characteristics of 
Zn diffused and Be implanted diodes we present in the next chapter show 
the implanted diodes exhibit lower reverse leakage current. It is possible 
that this improved junction definition is responsible at least in part 
for this improvement.
6.2. Optically Active Profiles
The shallow excitation provided by the 3507 R laser line for
GaAs. P (x~0.38) and the 4880 R line for GaAs results in radiative 1-x x
recombination primarily in a region about 1200 £ and 2000 R below the 
surface respectively (see Fig. 4.2 and 4.3). We have used a
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Fig. 6.3. Scanning electron micrograph of the p-n junction region
near the edge of the Si diffusion window for a commercial
Zn diffused GaAsn ,0Pn 1* light emitting junction: (a)
0.62 0.3o
contrast modulated secondary electron micrograph showing 
lateral diffusion of Zn along the surface; (b) deflection 
modulated micrograph illustrating the lattice degradation 
accompanying the lateral diffusion.
112
Sample Surface-»-
Be Implanted 
p-GaAsi-xf^ (x~0.38)
p-n Junction—»-
1 ¡mm
EdgeofSi3 N4 Window
V
Fig. 6.4. Deflection modulated scanning electron micrograph of the p-n 
junction region near the edge of the Si^N^ window for a Be
implanted GaAsrt -0P_ light emitting junction.Very little0.6/ 0,Jo
diffusion and no noticeable lattice degradation is observed.
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5 E^SO^ : 1 #2^ 2 1  ^^2^ etc^ at ^°C to remove thin layers from the 
surface of GaAs and GaAs, P;. The etch rate was calibrated by optical
I “ X  X
interference measurement and by a "Dec Tac" mechanical finger. The
results of the calibration are shown in Appendix 3. Successive layer
removal in conjunction with shallow excitation PL measurements has been
used to determine the optically active profile of Be impurities.
Figure 6.5 presents PL spectra at 6°K obtained from samples
19 -3multiply implanted with a uniform Be profile (2 x 10 cm , Appendix 2) 
and annealed at 900°C for 1/2 hour with Si^N^ protection. Figure 6.5(a) 
shows the spectrum of the sample after implantation and annealing. This
spectrum consists of the F , BA and N bands as discussed in Chapter 4.
X
It is interesting to note that the N emission for this shallow excitation
X
is stronger than that in Fig. 4.5(c) which had a deeper excitation. PL 
spectra obtained from the sample after successive etching of the surface 
are presented in Fig. 6.5(b-d). After 0.25 |im of the surface is removed,
the N emission is not present in the spectrum [Fig. 6.5(b)]. This indicates
X
the nitrogen doping introduced from the Si^N^ is less than 0.25 |im deep.
When 0.75 |im of the surface is removed the PL spectrum [Fig. 6.5(c)] is 
dominated by F emission, and after 1.33 |im of the surface is removed 
[Fig. 6.5(d)] the Be related luminescence is not present in the spectrum.
From this experiment we conclude the layer containing Be is less than 
1.33 (J-m deep after annealing. Since the expected junction depth is 1.1 (¿m, 
this provides further evidence that there is no significant diffusion of 
the implanted Be during the anneal.
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Fig. 6.5. Photoluminescence spectra at 6°K from Be implanted
GaAs^ „„.before and after successive layer removal:0.62 0.38
(a) after multiple implantation to yield uniform profile
(6x10^ cm "^Appendix 2)and 900 C anneal; (b)-(d) after 
successively removing 0.25,0.75 ,and 1.3 p,m from the surface 
by etching. The 3507 & laser line was used to provide shallow 
excitation in each case.
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Figure 6.6 presents the variation of the integrated intensity of
the BA luminescence obtained with 4880 $ excitation of a GaAs sample implanted
15 2 owith 250 keV Be to a fluence of 10 ions/cm and annealed at 900 C for 
1 hour. The Gaussian Be distribution expected on the basis of LSS theory [43] 
is also shown in Fig. 6.6. The experimental points plotted in Fig. 6.6 
have been normalized to obtain a peak intensity equal to that expected 
from LSS theory, since quantitative estimation of impurity concentration 
is not possible using this method. We have chosen a very heavy dose 
of Be for this study, because device applications require heavily 
doped p-layers. It is evident that although there is no significant 
indiffusion of the implanted Be, the distribution is distorted from that 
expected from simple diffusion theory. Be concentration is shallower 
and the distribution of Be beyond the peak exhibits a region of almost 
constant doping before the Be concentration abruptly decreases. We assume 
that the PL occurs only from 2000 ^ below the surface. This does introduce 
some uncertainty in the depth scale. However, the data presented in Fig. 6.6 
suggests that some redistribution of the implanted Be does occur for very 
high Be concentration.
6.3. Generalized Differential Capacitance-Voltage 
Profiles in Two Sided p-n Junctions
Differential capacitance-voltage measurements performed on Schottky 
barriers [168] or p-n junctions with heavy doping on one side have tradi­
tionally been used to determine the impurity profile on the lightly doped 
side of the junction. Increasing the reverse bias causes the edge of the 
depletion region to move deeper into the material causing a variation in
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Fig, 6.6, Optically active Be distribution for GaAs implanted with 
250 keV Be and annealed as shown. Data points are the 
integrated intensities of the BA luminescence at 6 K 
obtained after successive layere were removed from the 
surface by etching. The dashed line represents the Be 
distribution expected on the basis of the LSS theory [43 ].
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capacitance which may be related to the impurity concentration at the 
edge of the depletion layer. The use of this standard differential 
capacitance measurement is difficult for acceptors in GaAs and GaAs^^P^, 
because of the lack of availability of p-type substrates with sufficiently 
low doping. Heavy doping of the semiconductor leads to Schottky barriers 
with very high reverse leakage current, which makes the capacitance 
measurements very difficult.
We have developed a generalization of the differential capacitance 
profiling techniques to the case of a two sided p-n junction in which 
the doping density on the p and n sides are comparable. If we assume that 
the substrate doping is uniform and that the edge of the depletion 
region is very sharply defined, we may relate the carrier concentration 
= N^ (Xp)_. - on the p-side to the measured capacitance -voltage 
relations as shown in Appendix 4, by
N(x ) . = P J
q€ A" 4G "'i
(6 . 1 )
dV7. N J D
where the distance x^ from the junction is given by the iterative relation
aN^Afl/Cj -
<Xp>j ~ ^ V j - 1  + 2N + N(x )'. + N(x ) . ( 6 . 2 )P J P j-1
It is important to realize that recent work [169-171] has 
demonstrated that the zero Debye length approximation is not strictly valid 
and restricts the resolution of the system. It has also been shown [171] 
that the presence of sharp impurity gradients makes it extremely difficult
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to relate the impurity distribution of the capacitance data accurately.
In order to apply this theory, we fabricated a p-n junction
18 “3in GaAs samples with background doping of 2 x 10 cm by implanting
14 -2with 250 keV Be ions to a fluence of 2 x 10 cm . The capacitance- 
voltage measurement was performed using lock-in techniques. The details 
of this measurement have been presented elsewhere [172,173]. The 
junction position was estimated on the basis of the SEM data, and the 
depth scale was translated to obtain the origin at the surface. The 
measurement was performed on two samples. Figure 6.7 shows the profiles 
obtained from this method for a sample annealed at 800 C and for one 
annealed at 900°C. We have also plotted the expected Be distribution on 
the basis of the LSS theory [43]. It may be seen that the active Be 
concentration is larger for a 900°C anneal than for an 800°C anneal. The 
distribution is similar to the expected profile. We did not perform 
similar experiments on GaAs., P (x ~  0.38) because of the lack of avail-1 "X x
ability of appropriate substrate material. For a substrate doping of
•j y  ^  [1_8 *32 x 101 cm we would require an acceptor doping with < 1 0  cm Very 
high sheet resistances make it difficult to analyze p-n junctions with such 
low acceptor doping. In view of the limitations of the capacitance voltage 
profiling method [171],. we did not pursue this profiling technique any 
further, and would like to emphasize that the data presented here does suffer 
from all the limitations pointed out in the literature [169-171]. Despite 
these drawbacks, the information presented in Fig. 6.7 does support our 
contention that there is no significant diffusion of implanted Be during 
anneal for this Be concentration.
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Fig. 6.7. Beryllium profile obtained by differential capacitance 
measurement on an implanted p-n junction fabricated in 
GaAs.The depth scale refers to distance into the crystal 
from the surface.
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6.4. Differential. Hall Measurements
Successive Hall effect measurements in conjunction with removal 
of thin layers by anodic oxidation and chemical etching of the oxide 
has been successfully used for determination of impurity distribution in 
Si [174-176]. Recently this profiling technique has been used for
GaAs0.6P0.4 [156]-
The Hall coefficient (R^^ and resistivity (pg)i measured after 
each layer of thickness d^ is removed may be related to the mobility ¡i^ 
and the carrier concentration p^ by the following equations [174]
= A< V ps V A(1/Bs>i (6.3)
'i = A<1/ps)i /q dA (6.4)
In the above expression A refers to the difference in the measured 
values for the ittl and (i-l)1“ layer. Since this is equivalent to 
obtaining differentials from a set of discrete pointss some smoothening 
of the measured data points is essential to obtain meaningful results.
To relate the carrier concentration to the acceptor density, one of course 
needs to assume complete ionization of the acceptors at room temperature.
6.4.1. Anodic Oxidation of GaAs and GaAs- P (x~0.38)1-x x
The layer removal technique used in this study consisted of
growing thin anodic oxide layers using a KMnO. - acetone solution [177,178]4
and chemically etching the grown oxide layer in HG1.
Figure 6.8 shows a sample holder designed to accept van der Pauw 
samples mounted as shown in Fig. 5.1. The pogo-stick spring loaded contact
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Reservoir for Disc with
Retaining
Screws
LP -1 1 7 5
Sectional diagram of the sample holder used for anodic 
oxidation and etching of surface layers on van der Pauw 
samples.
Fig. 6 .8 .
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>
presses against the back surface of the sample through a hole in the nylon 
mounting disc. The contact regions are protected and only the central 
region of the sample is exposed to the electrolyte. Tsang [178] has shown 
that the oxide layer thickness (and therefore that of the consumed GaAs 
and GaAs., P ) is related to the charge passed through the cell. This 
calibration was obtained in our work by electronically integrating the 
current through the cell. The total charge is compared to a preset value, 
and the anodization is stopped electronically when the total charge reaches 
the desired value. This ensures repeatability of the oxidation process.
The sample holder shown in Fig. 6 . 8  provides an extremely efficient method 
of selectively oxidizing the desired part of the sample without the use 
of a time consuming photoresist process.
6.4,2. Experimental Results
Figure 6.9 presents the results of differential Hall measurements 
on Be implanted GaAs.. P (x~0.38) and GaAs samples. To emphasize the-L “X X
dependence of Be diffusion on the implantation fluence, Fig. 6.9(a) shows
the profile obtained from a GaAs. _ P (x~0,38) sample implanted withl-x X 2250 keV Be to a fluence of 6 x 1 0 13 ions/cm and Fig. 6.9(b) is obtained
14from a GaAs sample implanted with 250 keV Be to a fluence of 6 x 10 
ions/cm^. Both samples were annealed at 900°c for 1/2 hour with Si^N^ 
protection. The Be distribution expected on the basis of LSS [43] theory 
is also shown. It is obvious that the Be distribution for the low dose 
implant (Fig. 6.9(a)) is close to that expected from the scattering theory, 
whereas for the heavier dose there is some redistribution, although there is
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Fig. 6.9(a). Be distribution obtained by differential Hall measurements
on a GaAs_ ¿ „ P s a m p l e  implanted and annealed for \ hr U .DZ O.Jo
as shown. The solid line represents the distribution 
expected on the basis of the LSS theory [43].
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Fig. 6.9(b). Be distribution obtained by differential Hall measurements 
on a GaAs sample implanted and annealed for \ hr as shown. 
The dashed line represents the distribution expected on 
the basis of the LSS theory [43].
125
no significant indiffusion. We may remark here that the distribution 
seen here for the heavy dose implant is similar to the optically active 
profile shown in Fig. 6 .6 . These results suggest that the diffusion 
of Be is very strongly concentration dependent. We shall discuss 
this further in Chapter 8 .
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7. Be IMPLANTED GaAs P LIGHT EMITTING JUNCTIONS
1 "*X X
Visible light emitting diodes (LED’s) fabricated from GaAs„ P
1 -x x
by thermal diffusion of Zn are now commercially available and find various 
attractive application as display devices. Efforts directed towards 
improving the efficiency of LED's have been concentrated on the improvement 
of the quality of the epitaxial layers used for the fabrication of these 
devices. Numerous reviews of light emitting diode technology are available 
in the literature [1,179,180],
Recentlyi Leistiko and Bittman [108] have reported that GaAs P
1 -x x
(x~0.38) light emitting diodes show a considerable loss of brightness 
when driven at a fixed current, if the perimeter to area ratio of the diode 
is increased. Their investigations indicate that these perimeter effects 
are related to the high non-radiative carrier loss due to surface recombina­
tion in this material. Increasing the substrate doping results in a 
somewhat smaller minority carrier lifetime, but does not significantly 
reduce this non-radiative carrier loss. Therefore, significant improvement 
in LED performance could be realized if appropriate impurity profile 
tailoring could be used to keep injected carriers away from the surface.
Ion implantation is an attractive method of tailoring impurity 
profiles, especially for impurities such as Be which do not diffuse signifi­
cantly during annealing. Impurity profiles may be created by implantation
I
to form built in fields which perhaps could be optimized to provide maximum 
quantum efficiency for LED’s.
Our purpose in the study of p-n junctions fabricated by implantation 
is thus twofold. First, we wish to demonstrate that the annealing sequences
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described in earlier chapters result in high quality p-type layers with 
efficient luminescence properties. Light emission from Zn implanted LED's [4] 
does not provide evidence for the high quality of the implanted and annealed 
layer. Zn implantation thus serves as a predepositibn step, and junction 
location is determined by diffusion. The light emission then occurs 
primarily from the unimplanted region. Secondly, we investigate the 
possibility of realizing an optimum acceptor profile for p-n junction 
LED’s, since most of the light emission in these junctions occurs because 
of radiative recombination of electrons injected into the p-side of the 
junction.
We have restricted most of our investigations to GaAs, P of the
J- *"X  X
standard (x~0.38) composition used in red LED’s because of the commercial 
importance of these devices. The high self absorption coefficient of 
these materials requires that photons be generated close to the surface
for efficient emission. This calls for shallow junctions, whereas it is
\
well known that a larger recombination volume would ensure that most of 
the injected carriers recombine before arriving at the surface. Hakki [181] 
has calculated the expected efficiency variation as a function of junction 
depth and predicted that a junction depth of 2  }jbm is optimum if a uniform 
acceptor profile is assumed. We believe that our work is the first examina­
tion of the effects of various acceptor distributions on LED performance.
7.1. Acceptor Profiles
Our study of light emitting p-n junctions in GaAs^^P^ (x~0.38) , 
aims at comparing the electro-optical characteristics of devices made by
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Be implantation to those fabricated by standard Zn diffusion process. The 
zinc diffused LED's were obtained from Monsanto Co.
The 300 keV ion-implantation facility available for this work 
limited the junction depths for Be doped diodes to ^  1 Pm. We should 
emphasize here that this suboptimal junction depth [181] would lead to
»
lower quantum efficiency than obtained from standard 2 pm junctions. We have, 
however, used tailored profiles in an effòrt to investigate the effect of 
acceptor profiles on the LED performance.
The various profiles synthesized for this study are shown in 
Fig. 7.1. The uniform Be profiles are the closest to the acceptor profiles 
obtained from Zn-diffusion [31]. We have used uniform Be profiles of 
various doping levels for this study, and the implantation schedules 
required to obtain various profiles are tabulated in Appendix 2. In referring 
to uniform profiles, we shall quote the average computed acceptor concentra­
tion to specify the implantation schedule.
In an attempt to reduce surface effects, we have designed 
other types of profiles. The buried gaussian profile produces a thin n-type 
layer at the surface which is designed to hold the injected electrons in 
the p-region. However, we shall see later that sheet resistivity obtained 
from such a layer is extremely high and contacts must be heavily alloyed to 
reduce excessive forward voltages.
An exponential impurity grading produces a constant built-in fièld 
in the p-region. We have simulated Be doping P(x) in thè implanted p-region, 
which may be represented by
Be
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Fig. 7.1. Various implanted-Be distributions used for this study.
The distributions are calculated on the basis of the LSS 
theory [43].All implantations were performed through a 
layer of Si^N^. The implantation parameters required to
obtain these profiles are tabulated in Appendix 2.
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P ( x ) = P o e‘ Y X , (7.1)
where y is a parameter which adjusts the steepness of the grading. The 
curve labeled "exponential," in Fig. 7.1 simulates an acceptor profile 
which decreases from the surface to the junction and can be represented by 
equation (7.1) for y = 3. Such a profile should theoretically provide 
a constant built-in field which retards the electrons injected into the 
junction and this should theoretically enhance the radiative-recombination 
probability of these electrons.
The curves labeled "retrograde" in Fig. 7.1 simulate acceptor 
profiles which may be represented by equation (7.1) for y = - 1.5 and 
y = - 3.0 in the region 0.2 < x < 0.8 The gaussian distribution of
the highest energy implants, however, produces a region (0 . 8  < x 1 . 2  |im) 
of opposite impurity gradient. The retrograde profiles were designed 
as a compromise between the uniform and buried gaussian profiles. The surface 
doping for such an acceptor distribution is low, and the highest conductivity 
layer in the p-region occurs in the bulk. We expect this to reduce non- 
radiative surface effects, and thus improve LED performance.
7.2. Fabrication of implanted Diodes
The implanted diodes reported here were made in two different
ways. Preliminary investigations were carried out on "full-chip emitters"
fabricated by implanting Be through a ~  1500 S layer of Si^N^. Following
the implantation, the wafer was annealed at 900°C for 30 minutes or 1 hour,
and the Si0N, layer was removed. Contact patterns were defined on a layer 3 4
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of evaporated Au-Zn alloy or aluminum, by photolithographic techniques.
The back of the wafer was then mechanically lapped to a thickness of ~7 mils
and a Au-Ge (eutectic) film was evaporated to form a back contact. The
contacts were alloyed for ~ 5min at 500°C. The wafer was then diced into
~ 10 mil chips which were mounted on TO-18 headers.
In the second fabrication method, the device area was defined
during the implantation process by using a photoresist mask (''■4-2 |jm thick).
The Si^N^ layer was slightly etched before implantation to obtain definition
of emitter windows for later alignment. The photoresist was removed by
plasma etching after the implantation, and the wafer was annealed at 900°C.
After annealing, the remaining Si^N^ was etched from the implanted region,
using a fresh photoresist mask and the step in the Si^N^ for mask alignment.
Contacts were defined using another photomasking step. The device area in
this case was more closely controlled with a well defined perimeter at
which the p-n junction met the semiconductor surface. The device area
-4  2used in this experiment 6.45 x 10 cm . We shall refer to the former 
diodes as full chip emitters (FCE) and the latter as photoresist isolated 
(PR) diodes.
7.3 Current Voltage Characteristics
The current voltage relation in a p-n junction may be represented
by [137]
1 “  V exP Si  - (7<2)
In this expression V is the voltage across the junction I is 
the current flowing through the junction I is the reverse saturation
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current and n varies between 1  and 2 , depending upon the dominant current 
transport mechanism. For thermal diffusion dominated current, n = 1.
If recombination in the space charge is dominant, n = 2.
Measurements of the junction current-voltage characteristics
-9 -1were performed over a range of eight decades of current (10 to 10 A)
generated by a Keithley 225 current source. The voltage across the 
device was monitored using a Keithley 610 CR electrometer as a high 
impedance unity gain buffer amplifier, the output of which was fed to a 
Keithley 160 digital multimeter. This arrangement couples the high input 
impedance of the electrometer with the digital accuracy of the multimeter.
A "cold finger" liquid nitrogen cryostat was used for low temperature 
measurement. The temperature was monitored using a chrome 1-alumel thermo­
couple and Fluke 2100 A »digital thermometer.
7.3.1. Forward Bias Characteristics
Figure 7.2 shows typical forward current-voltage characteristics 
for p~n junctions fabricated with a uniform Be profile at theoretical 
acceptor concentration of 6 . 6  x 10^ cm  ^and annealed at 900°C for one 
hour. For I < 0.5 mA at room temperature the slope of the I-V curve 
indicates that the current is limited by recombination in the space charge 
region. Currents between 0.5 mA and 5 mA seem to be limited by the 
diffusion mechanism. At higher injection levels, the current is apparently 
limited by contact resistance. At low temperature (102°K) the current is 
primarily limited by space charge recombination except for high injection 
levels. This is consistent with the coupled multi-level non-radiative defect
\
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Forward Bias Vf (volts) t
Fig. 7.2. Typical forward current-voltage characteristics of a Be
implanted GaAs. -_P_ light emitting diode at 297°K and U.oZ U.do
102°K.The implantation parameters for this diode were chosen
18 -3to produce a uniform profile (6x10 cm ; Appendix 2).
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model proposed by Forbes [157] based on photocapacitance studies of Zn 
diffused diodes.
The low level forward bias current voltage characteristics of 
Be implanted diodes resemble that shown in Fig. 7.2 regardless of ; 
acceptor profile. This is understandable, since the space charge 
recombination takes place very close to the junction and is affected 
very little by the acceptor profile. The acceptor density and distribution, 
however, have a strong effect on the contact resistance limited region.
We have used the forward voltage at a current of 10 mA as a figure of 
merit for this effect, and data obtained from the various profiles is 
shown in Table 7.1. It may be seen that increasing the concentration of 
Be in a uniform profile improves the forward voltage presumably because of 
lower sheet resistance. The diodes with a buried gaussian profile exhibit 
a high forward voltage because of the thin n-type layer at the surface.
In this case the contact must be alloyed through the surface layer to reach 
the buried p-region. The forward voltages for the retrograde junctions are 
very similar to that of a standard zinc-diffused junction. The high forward 
voltage for the exponential diodes is probably due to the higher sheet 
resistance and surface effects, since the most conductive layer is at the 
surface.
7.3.2. Reverse Bias Characteristics
Typical reverse bias characteristic obtained from a uniformly Be 
implanted (2 x 10^ cm GaAs^^P^ (x~0.38) diode (annealed at 900°C) is
shown in Fig. 7.3.
Table 7.1. Characteristics of LED’s
Acceptor. 
Profile' '
Annea1 Forward 
Voltage 
at 10 mA 
(Volts)
Reverse 
Breakdown 
Voltage 
at 10 |iA 
(Volts)
Reverse 
Current 
at 4V 
(nA)
Capacitance
at
Zero Bias 
(PF)
Luminous 
Intensity 
at 10 mA 
|iCd
Quantum
Efficiency
%
Spreading
Resistance
Temp
(°C)
Time
(min)
Zn diffused 1 . 6 8 2 1 250 50 350 — low
Buried Gaussian 
Be 800 60 2  .44 17 1 0 0 45 27 . .0026 high
Buried Gaussian 
Be 900 60 2,24 17 ~  5 44 29 .0031 high
Uniform Be 
6.6x1018 cm3 800 60 2.3
- 1 -
17 2 0 0 43 23 .0024 high
Uniform Be
6.6x1018 cm3 900 60 1,81 20 50 45 35 .003 high
Uniform Be 
2x1019 cm3 900 30 1.59 2 0 ~  5 103 80 .0107 high
Uniform Be 
2x1019 cnP 
+ Nitrogen 900 30 1,87 1 1 300 87 1 0 .0082 high
Retrograde Be 
y = - 1.5 900 30 1.60 14 »v 5 85 76 .0232 low
Retrograde Be 
y = - 1.5 900 30 1,62 13 ~  5 89 6 8 .0271 low
Retrograde Be 
Y = - 3.0 900 30 1.61 15 ~  5 7 9 82 .0236 low
Retrograde Be 
Y = - 3.0 900 60 1.61 14 ~  5 84 77 .0229 low
Exponetttia1 
Y = 3.0 900 30 1.82 1 1 2 0 60 9 , 0 0 2 high 135
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Fig. 7.3. Reverse current-voltage characteristics of a uniformly Be
implanted GaAs_ ,0 Pn OQ light emitting diode .The Be concentr U»oZ U,j o
ation for this implant was 2x10 cm (Appendix 2),
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The 21 volt reverse breakdown is typical of implanted PR diodes, 
whereas FCE diodes exhibit lower breakdown voltages (~ 1 5  volts) as may 
be expected. The room temperature breakdown voltage is comparable to that 
of standard zinc diffused diodes. The breakdown voltage decreases with 
decreasing temperature, typical of avalanche breakdown.
The reverse current prior to breakdown increases slowly with bias. 
We have arbitrarily picked the reverse current at 4 volt bias as a basis 
of comparison of the typical leakage in junctions with various profiles.
The Be implanted diodes fabricated after an 800°C anneal exhibit higher 
reverse current than those annealed at 900°C (Table 7.1). It is, however, 
worth noting that most Be implanted diodes annealed at 900°C have leakage 
currents of v5 nA. The higher leakage for lower anneal temperature may 
be attributed to incomplete lattice reordering. The improvement in leak­
age current for the implanted junctions compared with Zn-diffused devices
may be due in part to the absence of the degradation under the Si„N.3 4
mask as seen by scanning electron microscopy (Chapter 6 ). The leakage 
current does not depend strongly on the acceptor profile. It is low 
for retrograde acceptor doping and for buried gaussian layers, and is 
higher for exponential and uniform Be profiles which approximate the 
maximum concentration of the buried gaussian. This suggests that surface 
effects which are important in determining the leakage current are avoided 
in the buried gaussian and retrograde profiles. The high leakage observed 
for the diodes which had been implanted with Be and nitrogen was probably 
due to incomplete annealing.
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7.4. Luminous Intensity Measurements
7.4.1. Experimental Methods
The luminous intensity measurements were performed using a silicon
photodiode detector calibrated by a set of standard red light emitting
diodes. These diodes were fabricated at the research laboratory of
Monsanto Co. and their luminous intensity measured by Monsanto Co. as a
function of bias current. These diodes were then used as standards in the
luminous intensity measurement scheme shown in Fig. 7.4. The diodes were 
%
driven by 507o duty cycle 1 kHz current pulses, and the light intensity was 
detected synchronously at the output of the photodiode using a PAR 186A 
lock-in amplifier. Measurements made on the calibration diodes allowed us 
to relate the detected voltage V(fX volts) across the photo diode to 
the luminous intensity L(WCd) of the LED by the equation*
L(jJbCd) = 8.04 x [VOX Volts) ] 0 ’ 9 6 . (7.3)
7.4.2. Intensity-Current Characteristics
The current dependence of luminous intensity for various Be 
implanted diodes is compared with a standard Zn diffused diode in Fig. 7.5. 
It may be seen that for all Be implanted diodes except those with a buried 
gaussian acceptor profile, the intensity increases almost linearly with 
forward current between 2 to 50 mA. To facilitate this observation, we have 
included a L “ I curve in the figure. This dependence is characteristic of 
diffusion dominated current in the junction and is in agreement with the 
forward bias I-V measurements. At lower injection level, the luminous 
intensity increases super-linearly with current. For recombination in the
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Fig. 7.4. Schematic diagram of the experimental set up used for 
luminous intensity measurements.
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Fig. 7.5. Luminous intensity at 300°K as a function of current for Be
implanted GaAs„ ' diodes with various acceptor profilesr 0.62 0.38
compared with that obtained for a commercial Zn diffused 
LED.
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ospace charge region we expect L ^ I [182]. » Thus at low currents this 
mechanism dominates. It is interesting to note that this effect is most 
pronounced for uniformly Be implanted diodes. The Zn diffused diodes do 
not exhibit as strong a space-charge-recombination, and the retrograde 
junctions follow the variation of the Zn diffused diode very closely.
The increased grading is not seen to affect the intensity variation of 
these diodes as a function of current. The L-I dependence of the diode 
with a buried gaussian Be profile is significantly different from the rest. 
At low currents the intensity is almost linearly dependent on the current.
At higher current the dependence is super-linear. This is in contrast to 
the expected behavior based on the I-V measurements. The cause for this 
effect is not well understood. It is possible that the n-p-n structure 
generated by the buried gaussian implant provides some confinement for the 
electrons injected from the bulk into the p-region, which is responsible for 
the super-linear generation of photons at higher excitation. It is clear 
from Fig. 7.5,however, that of the acceptor distributions examined in this 
study, the retrograde junction yields the brightest diodes. The luminous 
intensity and external quantum efficiency of these diodes is shown in 
Table 7.1.
7.4.3. Spreading Resistance
The red light emitting junctions are fabricated using thin p-type 
layers to avoid excessive self absorption of the generated light. Since the 
hole mobility in GaAs- P (x~0.38) is very low (Chapter 5), the sheet1 **X X
resistivity of this layer is also very high. The contact metalization
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typically covers only 15 - 20°L of the diode area in order to allow the 
generated photons to emerge. Thus the current density decays with lateral 
distance from the contact, and it may be shown that for an acceptor layer 
of uniform conductivity the current density j (x) at a lateral distance 
x from the contact may be approximately given by [183]
p-type layer. Thus for a thin high resistivity layer the current decays 
sharply with lateral distance from the contact. Since the light intensity 
depends on the current density, this effect is displayed by a graded 
brightness, most of the light being generated under the contact.
2 |im junction depth for standard Zn diffused LED's, Therefore we expect 
a higher spreading resistance in these diodes than in Zn diffused diodes for 
similar doping levels. Diodes,fabricated with uniform junctions showed the 
expected spreading resistance. However, retrograde junctions exhibited 
comparatively low spreading resistance and no brightness grading could be 
detected by visual inspection under a microscope. The diodes with buried 
gaussian profile also exhibited high spreading resistance, probably because 
the net p^layer thickness was ~0.6 jJ»m. Exponential junctions also showed 
marked spreading resistance, probably because of the high Be concentration at 
the surface.
n -2
(7.4)
In this expression p is the resistivity and W the thickness of the
Diodes fabricated by Be implantation had W = 1 |im compared with a
Analysis of the spreading resistance and recombination effects for
a retrograde doping in the p-region is an extremely complicated problem
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involving drift and diffusion effects. However, one may qualitatively 
explain improved LED performance of retrograde junctions by considering the 
lateral transport of the holes from the contact. For a retrograde doping 
most of the holes follow the low -resistivity heavily doped part of the 
layer. Thus recombination of injected electrons occurs in this buried 
channel rather than near the surface.
7.4.4. Life Test
The degradation of performance of LED's with time is an important 
factor in limiting the usefulness of these devices. Copper contamination 
has often been suggested as a contributor to LED degradation [1,179,184]. 
Since there is a possibility of deep level traps existing in implanted 
material, we have examined the performance degradation of Be implanted retro­
grade junction LED's as a function of continuous operation time (Fig. 7.6). 
Results of the normalized intensity degradation of the diodes as a function 
of operation time are included for these diodes. Data points are obtained 
from the averaged behavior of five different diodes. Comparison with the 
time-degradation expected in diodes where deep level traps are intentionally 
introduced [184], suggests that the trap, density in the implanted diodes is 
no more than that in the umimplanted material. This furnishes further 
evidence of the high quality of these layers,
7.5 Electroluminescence Measurements
The spectral distribution of electroluminescence (EL) provides 
valuable information about the radiative recombination properties near the 
p-n junction. Since PL essentially probes the radiative recombination
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Fig. 7.6. Luminous intensity at 300°K as a function of time of 
continuous operation for Be implanted GaAsQ ^ 0  38
LED's. The data points are normalized to the as-fabricated 
intensity and averaged over the characteristics of five 
diodes.
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occurring from near the surface, these two measurements complement each other. 
Although EL offers a strong control over the excitation level, it must be 
pointed out that effects of heavy doping dominate the spectral distribution 
in light emitting junctions. Radiative recombination mechanisms are similar 
to those described in Chapter 4.
7.5.1. The Experimental Setup «
A schematic diagram of the electroluminescence set up used for 
this study is shown in Fig. 7.7. The diodes are held in a liquid nitrogen 
"coldfinger" cryostat, the temperature being monitored by a chrome1 -alumel 
thermocouple placed in contact with the TO-18 header. In order to avoid 
heating effects and to obtain good noise suppression, we have used 1 kHz 
current pulses of 50% duty cycle for current less than 50 mA and 2% duty 
cycle for higher current levels. The spectra were recorded using a photo­
multiplier with S-20 response and a PAR 186A lock-in amplifier. This lock-in 
amplifier can accept a low duty cycle pulse reference since it uses a zero­
crossing method to track the signal. The meter readings on the PAR 186A 
were corrected for the duty cycle difference to obtain a comparison of 
intensities.
7.5.2, Spectral Distribution
EL spectra obtained from samples implanted with a uniform Be profile 
18 - 3  o(4 x 10 cm ) and annealed at 900 C are shown in Fig. 7.8. We have also 
included PL Spectra for a similarly implanted and annealed sample for comparison. 
At room temperature both EL and PL spectra exhibit a single broad band which 
may be attributed to T emission. The energy shift in the EL and PL spectra is
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Fi-g. 7,7. Schematic diagram of the experimental set up used 
for electroluminescence measurements.
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Wavelength (A) L P - 1043
Fig. 7.8. Comparative electroluminescence and photoluminescence
spectra for Be implanted GaAsQ 6 2 PQ at room temperature
and near liquid nitrogen temperature.
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consistent with the compositional variation expected among GaAsi„xpx samples 
from a single wafer. The low temperature EL and PL spectra both exhibit the 
BA recombination shoulder* The N^ . luminescence is seen in the PL spectrum 
at low energy, but is absent in the EL data. Since the EL emission is 
due to recombination near the junction, the absence of supports the 
conclusion that the nitrogen doping is extremely shallow. The 92 K EL 
spectrum in Fig. 7.8 is very similar to that obtained in Zn diffused GaAs^^P^ 
(x -  0.38) [185].
7.5.3. Injection Dependence of Electroluminescence
Figure 7.9 compares the EL spectra obtained from a standard zinc
diffused LED at 112°K (dashed curve) with that obtained from Be implanted
19 -3diodes with a uniform (solid curve) Be profile (2 x 10 cm ) and a retrograde 
(dot»dashed curve) Be profile (Y = - 1.5). All spectra .consist of the<overlap 
of the F band and the BA band. The BA band dominates the EL emission from 
the Zn diffused diode for low current density. At a current density of 
10 A/cm , however, the T band intensity is greater than the BA intensity«,
For the uniform Be implanted diode, the T intensity dominates at all injection
levels. In the case of the retrograde junction diodes, however, the BA band
3 2is the dominant recombination mode even at 10 A/cm although the T recombina-
3 , 2tion begins to emerge as a distinct high energy shoulder at 10 A/cm .
Burnham et al.[186 ] and Rossi et al [187] have shown that in GaAs, 
laser transitions to the valence band or to the acceptor state are possible, 
for specific acceptor concentration ranges. They have shown that for doping 
levels above 3 x 10 cm , the laser operation occurs on the BA transition 
whereas for lower doping levels, it occurs on the band to band transition.
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Electroluminescence spectra at 112 K as a function of 
current density,for uniform and retrograde Be implanted 
diodes compared with those fabricated by Zn diffusion.
Fig. 7.9.
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Based on this work we may conclude that the acceptor density in the region 
where most of the radiative recombination occurs in the LED’s, is largest 
for the retrograde junction, smaller for Zn diffused junctions and least 
for the uniformly implanted junction. Examination of Fig. 7.1 then indicates 
that the radiative recombination must be occurring close to the peak con­
centration of the retrograde profile. The BA transition being at a lower 
energy, the self absorption is less dominant for the retrograde junctions.
These results, along with improved spreading resistance, may be used to 
explain the improved light emission and efficiency of the retrograde junctions.
The integrated intensity of the total electroluminescence at 112°K 
is plotted as a function of junction current for a zinc diffused diode and 
various Be implanted diodes in Fig. 7.10. The emission intensity seems to 
saturate at high injection levels for the uniformly Be implanted diodes.
This saturation effect is also evident for the Zn diffused diode. The intensity 
of emission from the buried gaussian diode increases at a higher rate above 
10 mA than is the case for the other diodes. ' This is consistent. ' ■ V-
with the luminous intensity data obtained at 300°K (Fig. 7.5). The satura­
tion effect is probably due to the excessive contact resistance in these 
diodes. The lower spreading resistance of the retrograde junction diodes 
possibly reduces the saturation effect.
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Total integrated intensity (EL) at 112°K as a function of 
forward current for Be implanted diodes with various 
acceptor profiles,compared with a standard Zn diffused
LED.
Fig. 7.10.
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8. DISCUSSION AND CONCLUSIONS
Conclusions that can be drawn from this research are summarized in 
this chapter, and some of their technological implications will be discussed.
We shall also present some tentative conclusions, conjectures, and opinions 
intended as guidelines or incentives for future work in this area.
8.1. Annea ling, Results
The photoluminescence and Hall effect data presented in Chapter 4 
and 5 clearly indicate that when Be implanted GaAs and GaAs, P (x^0,38)
J-—X  X
layers are annealed at 900°C with Si^N^ protection, the lattice is restructured,
and Be atoms are placed on electrically and optically active sites. For
implantation doses less than 10 ions/cm at 250 keV (which corresponds to
18 “3a maximum concentration of ^ 2 x 10 cm ), the doping efficiency is
essentially 100% as determined by Hall effect measurement.
Since there is very little diffusion and redistribution of the
implanted Be for these doses, the electrical and optical properties reflect
the high crystal quality of the restructured material. Laser operation of
nitrogen implanted GaAs^ ^P^ has recently been observed [119], This supports
our conclusion that ion-implantation can be used to produce high quality doped
layers in compound semiconductors required for good electrical activation
and optical properties. Further evidence of the quality of these layers may
be obtained from the efficient performance of Be-implanted light emitting
junctions, which degrades little with time.
The influence of the encapsulating layer on the annealing properties
is strikingly different for GaAs and GaAs, P (x^0.38). In the case of1-x x
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GaAs, annealing with an Si^N^ encapsulation leads to more efficient lumines­
cence, better electrical activation, and a more perfect lattice than does 
annealing with SiC^* In contrast, the electrical activation obtained from 
Be implanted GaAs^^P^ (x~0.38) is identical for samples annealed with 
SiC>2 or Si^N^ encapsulation. The Si^N^ encapsulation leads to a shallow 
nitrogen doping of the GaAs P (x~0.38) during the anneal which1 "X X
increases the total radiative recombination from these samples; however, 
apart from this difference the optical properties of GaAs. P (x^O.38)1 ""X X
samples annealed with SiC^ encapsulation compare favorably with those 
annealed with Si^N^ encapsulation. This difference in the annealing properties 
of the two compounds is remarkable. The degradation of GaAs surfaces due to 
Ga outdiffusion into the SiO^ layer has been studied [57,58] and is the 
apparent cause of the poorer quality of such annealed layers in Be implanted 
GaAs. The experimental evidence presented here is insufficient to explain 
the difference in annealing behavior of GaAs and GaAs. P (x~0.38). It isJ. "*X X
possible, however, that the presence of phosphorus (which has a lower 
vapor pressure than arsenic) in the lattice causes significant changes in the 
self diffusion properties of GaAs, P , and this is responsible for theJ- ~*X X
difference in the anneal behavior of GaAs and GaAs. P (x~0.38). Further1-x x
investigations on the self diffusion of the ternary would be necessary to 
verify this conjecture.
8.2. Be as an Acceptor
We have established that Be is a shallow acceptor in GaAs and 
GaAs^^P on the basis of photo luminescence and electrical measurements. The
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temperature dependence of the BA peak observed in PL measurements on Be 
implanted GaAs leads us to estimate that the binding energy of Be acceptors 
in GaAs is 28.4 meV. This assignment is in excellent agreement with the 
recently published PL data of Ashen et al.[10] on LPE grown GaAs layers. 
Similar experiments in Be doped GaAs. P (x~0.38) provide an estimate of1 "X X
3 5 + 3  meV for the binding energy of Be acceptors. The error introduced 
in this measurement is mostly due primarily to the uncertainty in the 
location of the conduction band minimum for the ternary alloy.
Hall effect data indicate that the hole mobility obtainable from
implanted layers is as good as that reported for bulk p-GaAs samples. The
mobilities obtained in p-GaAs. _ P (x~0.38) are Significantly lower than
those in GaAs, probably because of scattering processes due to alloy (As,P)
disorder. The measured hole mobilities for Be implanted layers are higher
than those reported for Zn implanted GaAs^^P^ [156]. This may reflect
either the superior quality of the GaAs^ ^P^ substrate used here, or an
improved annealing technique. The temperature dependence of the transport
data shows effects of impurity banding which make it difficult to calculate
binding energies. It is desirable to attempt these measurements on samples
implanted to produce uniform Be profiles with a Be concentration about 
16 -35 x 10 cm . This would also remove the uncertainty in estimating an 
average Be concentration.
It is reasonable to conclude that Be is a very useful acceptor in 
GaAs and GaAs^_^P^ (x-^0.38). It has an acceptor binding energy which is 
smaller than that of Zn acceptors. The p-type layers obtained by implanted 
Be doping have electrical and optical properties suitable for fabrication of 
efficient electro-optical devices.
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8.3. Distribution of Implanted Be
The experimental data presented in Chapter 6 indicate that for Be
14 2implantation doses less than 10 ions/cm at 250 keV, there is very little 
indiffusion or redistribution of the implanted Be. For higher implantation 
doses a redistribution of the Be takes place, particularly close to the 
peak concentration of the expected profile. Differential Hall measurements 
performed on a GaAs sample implanted with a low concentration uniform Be 
profile [188] also shows no significant redistribution. Similarly, GaAs 
layers with low Be concentration grown by molecular beam epitaxy exhibit very
little Be diffusion [V36J. Thè data obtained by Comas [48] from 
Secondary Ion Mass Spectroscopy show a redistribution of implanted Be which 
is similar to that observed from optical and differential Hall measurements 
on heavily Be doped GaAs. Ilegems [35] has suggested an interstitial- 
substitutional diffusion mechanism for Be diffusion in GaP. The data 
presented here indicate that the diffusion of Be in GaAs and GaAs.. P (x~0,38)JL *X X
is strongly concentration dependent.
8.4. Be Implanted Junctions
We have compared Be implanted p-n junctions in GaAs1 P (x^0.38) 
having various acceptor profiles with standard Zn diffused diodes. The 
forward bias characteristics of the implanted diodes are very similar to the 
Zn diffused diodes. The reverse leakage from the Be implanted junctions 
is lower than that of Zn diffused diodes. Lateral diffusion measurements 
performed by scanning electron microscopy indicate implanted Be does not 
diffuse under the Si^N^ window, whereas there is a significant lateral
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diffusion of Zn during LED fabrication. It is possible that this is respon­
sible for the improved leakage characteristics of these implanted diodes.
This result has two very significant implications. First, it demonstrates 
that ion implantation may be used for fabricating devices with line widths 
smaller than those achievable by Zn diffusion. Secondly, we have the 
possibility of using implanted diodes as visible photodetectors. Such photo­
detectors would be suitable for camera light meter applications, for example, 
due to their low dark current and response to the visible spectrum.
The luminous intensity obtained from the Be implanted diodes was 
largest when a retrograde Be profile was used. This is unexpected, since 
a retrograde should theoretically accelerate injected electrons to the 
surface, thus reducing the probability of radiative recombination in the 
p-region. An exponential acceptor doping, which should confine the electrons 
to the p-region, does not result in a more efficient LED. This suggests 
that the drift effects caused by the grading are not strong enough to dominate 
LED performance. Changes in the surface doping level in the various profiles 
probably accounts for the performance difference and our work indicates that 
a low surface doping (as in the retrograde profile) produces more efficient 
LED's. It is interesting to note that the retrograde diodes also exhibited 
very little spreading resistance. Since our junctions are shallow (~1 pm) 
compared to the typical 2 pm junction depth of Zn diffused devices, spreading 
resistance effects are expected to be very severe. The shallow junction depth 
is also responsible for lower brightness of our diodes compared to Zn diffused 
diodes. However, the potential improvements in the luminescence properties 
of the junction because of the retrograde acceptor profile are very significant.
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It is possible that a combination of Zn diffusion and Be implantation could 
be used to take advantage of both these effects.
8,5. Summary
We have demonstrated that Be ion implantation is a very attractive 
process for acceptor doping of GaAs and GaAs, P (x^0.38). The implanted
1~X X
layers may be annealed to obtain high crystal quality, and produce p-type 
layers suitable for device applications requiring good electrical activation 
and efficient luminescence properties.
The binding energy of Be acceptors in GaAs is found to be 28.4 meV 
based on the temperature dependence of photoluminescence from Be implanted 
GaAs samples.- From similar experiments on Be implanted GaAs, P (x^0.38)I X
samples we estimate a Be binding energy of 35 + 3 meV.
There is no significant indiffusion or redistribution of implanted
19 -3Be during the anneal, unless the Be doping is extremely heavy (>10 cm ),
This makes it possible to synthesize acceptor profiles (using multiple
implantations) suitable for special device applications. The lateral diffusion
of Be under a Si„N, mask is much smaller than that of Zn, so that GaAs and 3 4
GaAs^ XPX devices requiring small geometry may be fabricated by Be implantation.
Light emitting junctions fabricated by Be implantation in GaAs^ 5 2 ^ 0  3 
show excellent electrical characteristics. A comparative study of the effect 
of the acceptor profiles on the performance of the implanted LED's shows that a 
retrograde acceptor profile yields the most efficient LED’s, with the minimum 
lateral spreading resistance.
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Be is thus a useful acceptor in GaAs and GaAs^^P^ (x~0,38) and is 
more suitable for implantation doping than Zn, the more conventional acceptor
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LSS RANGE STATISTICS FOR B e
IN S i l i c o n  N i t r i d e
SUBSTRATE PARAMETERS­
S i 1 i c o n N i  t r  i d e
Z 1 4 7
M 2 8.0 86 14.007
N . 4 431E+ 23 . 5 9 8 0E+23
RHO/R . 2 6 9 8E+ 0 2 . 6 358E+02
E PS/E . 1 524E+00 . 2845E+ 00
C NS E . 1 661E+ 0 2 . 1 754E+ 0 2
MU 3.117 1.555
GAMMA .7 356 r9 529
S NO . 1 307E+03
ION- Be 
Z 4
M 9 .010
CROSS SECTION SUB. E= 0.10
ELECTRONIC CROSS SECTIONS OF 
LIHDHARD,SCHARFF,SCHIOTT
P ROJECTED 
ENERGY RANGE
(KEV)
1 0 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
1 20 
130 
140 
150 
160 
170
(MICRONS) 
0.0 300 
0.0 619 
0.0 94 2 0.1249 
0.1543 
0.1 8 28 
0 .2103 
0 .2366 
0 .2619 
0-2866 
0 . 3 1 0 4  
0.3337 
0 .3562  
0.3781 
0 .3995 
0.4 204 
0.4408
180 
190 
200 
220 
240 
260 
280 
3 00 
3 20 
340 
360
3 80
4 00 
4 20 
440 
460 
480 
500 
550 
600 
650 
700 
75 0 
800 
850 
900 
950
1000
0.4608 
0.4803 
0 .4995 
0.5367 
0.5 725 
0.6070 
0.6403 
0.6726 
0 .7040 
0.7346 
0.7643 
0.7934 
0.8217 
0.8495 
0.8766 
0.9032 
0.9 29 2
0 .  9548 
1 .0167  
1.0761 
1 .1332  
1 .1883
1. 2415 
1 .2930 
1 .3431 
1 .3918 
1.4 391 
1 .4853
PROJECTED
STANDARD RANGE
STANDARD
DEVIATION
NUCLEAR
ENERGY
ELECTRONIC
ENERGY
DEVIATION 
(MICRONS) (MICRONS ) (MICRONS)
LOSS
(KEV/MICRON)
LOSS
(KEV/MICRON)
0.0 1 24 0-0483 0.0125 0.11  24E+03 0 . 1 080E+03
0.0210 0.0923 0.0198 0 . 8133E+0 2 0.1 528E+ 03
0.0 281 0-1337 0 . 0 250 0.6 358E+0 2 0 . 1 871E+03
0-0336 0.1718 0.0285 0.5  725E+0 2 0 . 2160E+03
0. 0 381 0.2073 0.0312 0.4868E+02 0 . 2415E+ 03
0.0 4 20 0 .2408 0.0334 0. 4 279E+0 2 0 . 2646E+03
0.0 454 0.2724 0.0351 0.3 958E+02 0 . 2858E+ 03
0 .0482 0.3 0 23 0.0 366 0.3 663E+0 2 0.3 055E+03
0.0507 0.3309 0.0378 0. 3 34 8E+ 0 2 0-3 241E+03
0.0 530 0.3 583 0.0388 0.3 079E+02 0 . 3 4 1 6E+ 0 3
0.0550 0.3 847 0 .0397 0 . 2855E+0 2
0.3 583E+03
0.0567 0.4100 0.0405 0 . 2677E+02 0.3 7 4 2E+ 0 3
0.0584 0.4 346 0.0 413 0 . 2544E+02 0- 3 895E+ 03
0.0598 0.4 583 0.0419 0 . 2456E+0 2 0.4 042E+03
0.0612 0.4 813 0.0 4 25 0 . 2320E+0 2 0 . 4183E+03
0.0624 0.5036 0-0430 0 . 2191E+02
0 . 4 321E+03
0.0635 0.5 253 0.0 435 0 . 2077E+02 0.4 454E+03
0.0646 0.5465 0.0439 0 . 1 974E+02 0.4 583E+03
0.0 656 0 .5672 0.0443 0.1 884E+0 2 0.4 708E+03
0.0 665 0 .5874 0.0447 0.1 80 6E+0 2 0.4 831E+ 0 3
0.0681 0.6264 0.0453 0.1 6 8 2E+0 2 0 . 5066E+ 03
0.0 696 0.6 638 0.0 459 0 . i  600E+0 2 0.5292E+03
0.0708 0 .6998 0.0 4 64 0 . 1 559E+02 0- 5 508E+03
0.0 720 0.7345 0.0 4 69 0. 1 482E+02 0.5716E+03
0.0 731 0.7681 0 . 0 473 0.1 406E+0 2 0.5 91 6E+03
0-0740 0.8006 0.0476 0.1 338E+0 2 0.6110E+03
0.0 749 0.8322 0.0480 0 . 1 276E+02 0.6 298E+03
0.0 757 0.8629 0.0483 0. 1 221E+0 2 0.6481E+03
0.0 764 0.8928 0.0 485 0. 1 170E+0 2 0 . 6659E+03
0.0771 0.9219 0.0488 0 . 1 1 24E+0 2 0.6 83 2E+03
0.0777 0.9504 0.0 490 0.1 0 8 2E+0 2 0.7000E+03
0.0 783 0.9782 0.0 493 0.1 043E+0 2 0 . 7 165E+03
0.0789 1.0054 0.0 495 0.1 007E+02 0 . 7326E+ 03
0.0 794 1 . 0 3 21 0.0 496 0 . 9739E+01 0.7484E+03
0.0 799 1 . 0 582 0.0498 0.94 29E+01 0.7  638E+ 03
0.0 810 1.1 214 0.0 502 0- 8741E+01 0 . 8 0 1 1E+ 03
0.0 819 1 .1818 0-0506 0 . 8154E+01 0.8  367E+03
0.0828 1.2398 0.0509 0 . 7646E+01 0.8  709E+ 03
0.0 835 1 .2957 0.0 512 0 . 7203E+01 0 .903  7E+ 03
0. 0 84 2 1 .3497 0.0514 0.6 813E+01 0 . 9355E+ 03
0.0848 1.4019 0.0516 0 . 6465E+01 0.9  661E+03
0.0853 1.4 525 0.0 518 0 . 6154E+01 0.9959E+03
0.0858 1.5017 0.0520 0.5 874E+01 0.1 0 25E+04
0.0 863 1.5496 0.0 522 0.5 621E+01 0.1 05 3E+ 0 4
0-0867 1 . 5962 0.0 523 0- 5 389E+01 0 - 1 080E+04
APPENDIX 4
Generalized Differential Capacitance-Voltage 
Profiling in Two Sided p-n Junction
Consider the p-n junction shown in Fig. A4.1. We assume that the 
uniform impurity concentration N^ of the substrate is known for the n-side.
The doping profile N(x) = N^(x) - is arbitrary. The space charge region 
is assumed to be totally depleted of carriers and the transition to the neutral 
region is sharp at the edge of the depletion layer.
The space charge Q in the p-side of the depletion region is given by 
x
Q = qA J P N(x) dx, (A4.1)
o
where A is the device area and xP
p-side. The junction capacitance 
as
Gj = ^  = qA N(Kp)j
is the edge of the depletion region on the
C. for a reverse bias V. may then be written J J
(V ) — P .1 dV.J
qA J
X (V.)
P J 3N(x)
ÔV. dx. (A4.2)
Since the impurity profile is independent of bias voltage, the 
second term on the right hand side of equation (A4.2) goes to zero. The 
capacitance may also be written as
C.J
6 A
(x ). P J
(A4.3)
Further, from charge neutrality requirement we have
181
Equations (A4.2), (A4.3) and (A4.4) can be combined to yield
N(x ). = PJ
C._________ J_
2 dC 
q  ^A dV* Cj3/ND
(A4.5)
One may readily verify that this reduces to the familiar one-sided junction
result for large N .D
To simplify the analysis, we may assume the equilibrium depletion 
to extend symmetrically into either side, so that
xno = xpo
€ A 
2C ’ (A4.6 )
When a reverse bias is applied, N(x ). is calculated from equation (A4.5)
dCusing measured values of C. and The shaded areas shown in Fig. A4.1J * J
indicate the change in the width of the depletion region when the bias is 
changed from V_.  ^to V . From charge neutrality
1
2 [N(x ). + N(x ). .][(x )P J P j-1 1 P J (x ) . ] ” N_ [ (x ) . - (x ) . ]v p j-lJ D l x n'j v n j-lJ (A4.7)
The change in capacitance is related to the change in the width of the 
depletion by
Equations
x + x 1 . - fx + x ]  = 6  A(—-P n j  L p nJj-l KC.
(A4.7) and (A4.8) may be combined,
- ^ — ] (A4.8 )
j-1
to yield the general recursion
relation
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2Nd 6 A [l/C. - 1/C._1]
(*pV i + [2Nd + N(xp)^  + ^ V j - l 1 ’ (A4.9)
with (x ) given by equation (A4.6). Equations (A4.5) and (A4.9) may be used p o
to calculate the doping density and depth on the p-side from measured values 
of C and dc/dV.
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APPENDIX 1
Projected Range Statistics of Implanted Be in
GaAs, GaAs.. P (x~0.38), and Si_N,
1 -x x ' 3 4
LSS RANGE STATISTICS FOR Be PROJECTED
ENERGY RANGE
I N  G a l l i u m  A r s e n i d e
( KEV) (MICRONS )
SUBSTRATE PARAMETERS- 10 0.0308
20 0.0615
G a I l i u m A r  sen i de 30 0.0936
40 0.1 26 2
Z 31 33 50 0.1591
60 0.1918
M 6 9. 7 20 7 4.9 20 70 0.2  241
80 0. 2564
N 2214E+ 23 . 2 214E+ 23 90 0.2888
100 0.3 210
RHO/R 4 995E+01 . 4 568E+01 110 0.3529
1 20 0.3 843
EPS/E 6 60 2 E - 01 . 6 148E-01 130 0.4152
140 0.4 4 53
C NS E 1 013E+02 • 1 0 26E+02 150 0.4745
160 0.5 028
MU 7.738 8.315 170 0.5307
180 0.5584
190 0.5858
GAMMA .4 054 . 3 833 200 0.6130
220 0.6665
240 0.7188
S NO 4 895E+02 260 0.7698
280 0.8194
300 0.8676
3 20 0.9143
I  ON- Be 340 0.9600
360 1.0049
Z 4 3 80 1.0491
400 1.0925
M 9. 0 10 4 20 1 .1352
4 40 1 .177 2
460 1.2186
4 80 1.2593
500 1.2993
550 1.3967
CROSS SECTION SUB. E= 4.00 600 1.4903
650 1.5803
ELECTRONIC CROSS SECTIONS OF 700 1.6674
LINDHARD,SCHARFE, SCHIOTT 750 1.7519
800 1.8340
850 1.9141
900 1.9921
950 2.0 682
1000 2.1 426
PROJECTED STANDARD NUCLEAR ELECTRONIC
STANDARD RANGE DEVIATION ENERGY ENERGY
DEVIATION LOSS LOSS
(MICRONS) (MICRONS ) (MICRONS) (KEV/MICRON) (KEV/MICRON)
0.0103 0.1069 0.0178 0.5 930E+0 2 0.6  449E+ 0 2
0.0410 0.1820 0.0 267 0.5 04 0E+ 0 2 0 . 9 1 20E+02
0.0555 0. 249 2 0 .0332 0.4 4 3 7E+Q2 0.1 117E+03
0.0678 0.3108 0.0380 0.3 941E+02 0 . 1 290E+03
0. 0 788 0.3 68 2 0.0419 0. 3552E+0 2 0.1 4 4 2E+ 0 3
0.0885 0.4 222 0.0451 0.3 270E+0 2 0 . 1 580E+03
0.0 972 0 .4733 0.0 4 76 0 . 29 94E+0 2 0 . 1 706E+03
0.1051 0.5 221 0.0498 0. 2730E+0 2 0 . 1 824E+03
0.1123 0.5 688 0 .0518 0. 2 50 2E+0 2 0 . 1 935E+03
0.1189 0.6137 0.0535 0 . 2311E+0 2 0 . 2039E+ 03
0.1248 0.6569 0.0 550 0 . 2156E+Q2 0 . 2139E+03
0.1303 0.6937 0.0563 0. 2039E+0 2 0. 2234E+03
0.1354 0.7390 0.0576 0.1 959E+0 2 0 . 2325E+03
0.1400 0.7780 0.0586 0.1 915E+02 0 . 2413E+03
0.1444 0-8158 0.0596 0. 1 909E+0 2 0 . 2498E+03
0.1486 0.8524 0.0605 0 . 1 889E+02 0 . 2580E+ 03
0 .1525 0.8881 0.0613 0.1 79 2E+ 0 2 0 . 2659E+03
0.1563 0. 9 229 0 .0620 0 . 1 703E+02 0 . 2736E+03
0.1598 0.9569 0.0 627 0.1 62 2E+ 0 2 0 . 2811E+03
0.1631 0.9902 0.0633 0 . 1 548E+02 0 . 2884E+03
0-169 2 1 .0546 0.0645 0.1 4 2 2E+0 2 0 . 3 025E+03
0.1746 1 .1166 0.0655 0.1 325E+02 0.3 159E+03
0.1795 1.1762 0.0665 0. 1 258E+0 2 0.3 288E+03
0.1839 1 .2338 0.0 673 0.1 221E+02 0.3 41 3E+03
0.1881 1.2894 0.0680 0.1 212E+0 2 0.3 53 2E+0 3
0. 1 9 20 1 .3433 0.0687 0 . 1198E+02 0 . 3 64 8E+0 3
0.1956 1.3957 0 . 0 692 0 . 1133E+0 2 0.3 760E+03
0.1989 1.4466 0.0 698 0 . 1 072E+02 0.3 869E+03
0. 20 20 1 .4963 0.0703 0.1016E+02 0. 3 975E+03
0.2048 1.5448 0.0 708 0 . 9659E+01 0 .4  079E+ 03
0 .2075 1.5 9 21 0.0 712 0 . 9203E+01 0 . 4 179E+03
0.2099 1.6384 0.0 716 0. 8797E+01 0.4  278E+03
0.2123 1.6837 0 - 0 7 20 0- 844 2E+ 01 0.4  374E+03
0.2144 1.7 282 0.0 723 0 . 8136E+01 0.4  468E+03
0.2165 1.7717 0.0 727 0.7  880E+01 0.4560E+03
0. 2211 1.8770 0.0 734 0 . 7460E+01 0.4  783E+ 03
0 .2252 1.9777 0.0 741 0.7 352E+01 0.4 995E+ 03
0. 2 290 2. 0 745 0 .0746 0.7 203E+01 0 . 5199E+ 03
0. 2323 2.1676 0.0 7 51 0.6819E+01 0 .5  3 9 6E+ 03
0. 2354 2. 2576 0.0 756 0 . 6473E+01 0 .5  585E+ 03
0.2381 2. 3 447 0.0 760 0.6163E+01 0.5  768E+03
0.2406 2. 4 29 2 0 .0764 0.588 5 E + 01 0 .5  946E+03
0.2429 2.5113 0.0 767 0.5  63 3E+ 01 0. 6 118E+03
0.2450 2.5 912 0.0770 0 . 5 403E+01 0.6 236E+03
0.2469 2.6 691 0.0773 0.5 194E+01 0 . 6449E + 03 174
LSS RANGE STATISTICS FOR Be
E NERGY
PROJECTED
RANGE
IN  G a l l i u m  A r s e n i d e  Phosph ide
(KEV) (MICRONS}
SUBSTRATE PARAMETERS- 1 0 0 . 0 3 26
20 0.0 651
G a l l i  um A r s e n i d e P ho sph ide 3 0 0 . 0 986
40 0.1325
Z 3 1 33 15 50 0 .1662
60 0.1999
M 6 9.7 20 74 . 9 20 30.970 70 0.2335
80 0.2659
N 2313E+ 23 . 1 388E + 23 . 93 0 0E+22 90 0.2976
100 0. 3 289
RHO/R 5 219E+ 01 . 2864E+ 01 . 5205E+01 110 0.3 597
1 20 0.3 90 2
EPS/E 6 60 2E - 01 . 6 1 48E-01 . 1 43 2E+00 130 0.4 20 2
140 0.4 498
C NS E 1 059E + 0 2 . 6 433E+01 . 3 559E+01 150 0.4793
160 0.5082
MU 7. 7 38 8-315 3.4 37 170 0.5366
180 0.5646
190 0.5 921
GAMMA . 4 054 . 3 8 33 . 6 983 200 0.6191
220 0.6 721
240 0.7 237
S NO 5 286E+02 260 0.7 740
280 0.8231
300 0.8711
3 20 0.9182
I 0N- Be 340 0.9643
360 1.0 096
Z 4 380 1.0540
400 1.0977
M 9.010 4 20 1.1406
4 40 1.1 8 27
4 60 1 .2242
480 1.2649
500 1.3050
550 1.4 024
CROSS SECTION SUB. E= 4.00 600 1.4960
650 1.5860
ELECTRONIC CROSS SECTIONS OF 700 1.6730
LINDHARD,SCHARFF, SCHIOTT 750 1.7575
800 1.8395
850 1.9194
900 1.9 972
950 2. 0 73 2
1000 2.1474
PROJECTED STANDARD NUCLEAR ELECTRONIC
STANDARD RANGE DEVIATION ENERGY ENERGY
DEVIATION LOSS LOSS
(MICRONS ) (MICRONS ) (MICRONS) (KEV/MICRON) (KEV/MICRON)
0. 0 241 0.1001 0.0182 0.6 01 0E+ 0 2 0.6 507E+0 2
0 .0407 0.1744 0. 0 276 0 . 5 1 21E+02 0.9  203E+ 02
0 .0545 0.2409 0.0 34 2 0.4 439E+0 2 0.11 27E+03
0.0666 0.3 0 21 0.0 391 0.3 954E+02 0 . 1 301E+03
0 .0772 0.3 591 0 .0430 0. 3 546E+0 2 0 . 1 455E+03
0 .0867 0.4128 0.0461 0.3 214E+ 0 2 0.1594E+03
0-0952 P . 4 6 3 7 0 .0488 0.2  9 58E+ 0 2 0.1 7 2 2E+03
0. 1 0 28 0.5119 0.0 509 0- 2853E+02 0 . 1 841E+03
0 .1098 0.5 579 0.0 5 28 0. 2680E+0 2 0.1 9 5 2E+03
0 . 1162  ' 0.6 0 20 0.0544 0. 2523E+02 0 . 2058E+03
0.1221 0.6445 0.0 558 0 . 2381E+02 0 . 2158E+03
0 .1276 0.6855 0.0571 0 . 2254E+02 0 . 2254E+03
0.1 3 27 0.7252 0.0583 0 .214  2E+ 0 2 0 . 2346E+03
0.1373 0.7637 0.0593 0 . 2045E+02 0 . 2435E+03
0 .1417 0.8011 0- 0 603 0. 1910E+0 2 0 . 2520E+03
0 .1457 0.8375 0.0611 0. i  847E+02 0.2  6 0 3E+ 0 3
0 .1495 0.8729 0.0 619 0 . 1 787E+02 0 . 2683E+03
0.1530 0.9074 0.0 627 0 . 1 730E+02 0 . 2761E+03
0.1564 0.9411 0.0 634 0. 1 675E+0 2 0 . 2837E+03
0.1595 0.9740 0.0640 0 - 1 623E+02 0 . 2910E+03
0.1654 1.0377 0. 0 651 0 . 1 526E+02 0.3  052E+ 03
0 .1706 1.0989 0.0661 0 . 1 439E+02 0.3 1 8 8E+0 3
0.1754 1.1578 0.0 670 0.1 363E+0 2 0. 3318E+03
0.1797 1.2148 0.0 678 0.1 297E+0 2 0 . 3443E+03
0.1837 1.2698 0.0685 0.1 225E+0 2 0.3 56 4E+ 0 3
0.1873 1.3 233 0 . 0 692 0. I 157E+02 0.3 681E+03
0.1906 1.3752 0- 0 698 0 . 1 095E+02 0.3 794E+03
0.1936 1.4 258 0.0703 0- 1 038E+02 0.3 904E+03
0.1965 1.4751 0 .0708 0 . 9860E+01 0 .4  011E+ 03
0.1991 1.5 231 0.0713 0 . 9385E+01 0 . 4 116E+03
0.2015 1.5 701 0.0 717 0. 8957E+ 01 0 . 4 217E+ 03
0 .2037 1.6160 0.0 721 0 . 8576E+01 0.4 317E+03
0.2058 1.6610 0- 0 725 0 . 8 2 4 1 E+ 01 0 - 4 414E+03
0.2078 1.7050 0.0 728 0.795 2E+01 0.4  508E+ 03
0.2096 1.7482 0.0 732 0 . 7707E+01 0.4  601E+ 03
0 .2138 1.8526 0.0739 0.7 294E+01 0.4 826E+03
0.2175 1.9525 0 .0746 0 . 7159E+01 0 - 5 041E+ 03
0 .2209 2. 0 484 0.0751 0. 6931E+01 0 .5  246E+03
0.2239 2.1408 0.0 756 0- 6556E+ 01 0 .5445E+03
0.2266 2. 2300 0. 0 761 0.6 221E+01 0 .5  636E+ 03
0 .2290 2. 3164 0.0765 0 . 5 9 2 1 E+ 01 0 .5  820E+ 03
0 .2312 2.4 001 0.0 768 0 . 5652E+01 0.6  000E+ 03
0 .2333 2.4 816 0.0 772 0.5408E+01 0 .6173E+03
0.2351 2. 5 603 0.0 775 0.5 186E+01 0.634 3E+ 03
Q . 2368 2. 6 380 0.0778 0.4 983E+01 0.6 507E+03
APPENDIX 2, Be Implantation Schedules
Substrate Profile
Implant 1 Implant 2 Implant 3
Energy
keV
Dose
- 2  cm ^
Energy
keV
Dose 
cm" 2
Energy
keV
Dose !
- 2cm
GaAs Uniform 
2 x 1 0 1 9  cm" 3
260 (■ -1 n14 6 x 1 0 130 4.5 x 1 0 1 4 75 2  x 1 0 1 4
GaAs0.62P0.38 Uniform 4 x l0LiS cm J
250 141.5 x 10 130 141.125 x 10 75 5 x 101 3
GaAs0.62P0.38 Uniform _ 
6 . 6  x 1 0 -^® cm
260 2 x 1 0 1 4 130 1 .5 x 1 0 ^ 4 90 1 .1 2 x 1 0 1 4
GaAs0.62P0.38 Uniform* _ 
2 x lO^ cm
260 6 x 1 0 1 4 130 144.5 x 10 90 142.24 x 10
GaAs0.62P0.38 BuriedGaussion
260 1.5x 1 0 1 4
GaAs0.62P0.38 Retrograde Y = -1.5
280 6 x 1 0 1 4 218 141.06x 1 0 109 137.6 x 10
GaAs0.62P0.38 Retrograde Y = -3.0
296 149 x 10 273 2.7 x 1 0 1 4 117 136 x 1 0
GaAs0.62P0.38 Exponential Y = 3.0
234 132.7 x 10 175 134 . 8  x 10 95 4 x 103 4
13 -2*0ne sample was implanted with 250 keV nitrogen to a fluence of 3 x 10 cm after the multiple Be 
implantation and 900 C 1 hr anneal.
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APPENDIX 3
Calibration of SH^SO^: lH^O ^tch at 0°C
LP -1 1 9 6
180
N (x)
Fig. A4.1. A two sided p-n junction with constant doping on the 
n side and arbitrary doping on the p side.
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